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ABSTRACT 
 
Holmes, Matthew Raymond (Ph.D., Department of Integrative Physiology) 
Age-associated changes in the modulation of afferent feedback during voluntary actions  
Thesis directed by Professor Roger M. Enoka 
Older adults tend to use greater amounts of antagonist muscle activity than young adults when 
performing the same movements.  As antagonist muscles oppose the actions of agonist muscles, 
heightened levels of antagonist coactivation are typically considered undesirable due to the 
increase in metabolic cost and the potential to compromise movement accuracy.  The greater 
coactivation used by elderly adults has been attributed to age-associated declines in the 
neuromotor system.  Recent evidence suggests that young adults tend to rely on afferent 
feedback to produce corrective actions when performing voluntary contractions, whereas older 
adults prefer a feedforward strategy of increasing antagonist coactivation to stiffen the joint.  
This observation suggests that aging may be accompanied by a shift in the preferred control of 
voluntary movements from feedback to feedforward strategies.  This dissertation comprised four 
studies that tested this hypothesis.  Consistent with the hypothesis, the first study found that the 
synaptic input received by motor neurons innervating an arm muscle of young and old subjects 
differed when they performed steady contractions.  The second study investigated the interaction 
between coactivation and modulation of afferent input during the functionally relevant task of 
stepping up down from a platform and the differences between young and old subjects.  The 
results indicated that older adults coactivated leg muscles more and modulated afferent input less 
during stepping.  The other two studies comprised an approach whereby the activity level of the 
agonist muscle was controlled and the capacity of the nervous system to augment afferent input 
was measured.  The findings indicated that older adults, in contrast to young adults, did not 
modulate afferent input across conditions.  Despite similar values for muscle strength as young 
adults, middle-aged adults also did not change afferent input across task conditions.  These 
results indicate that the decline in the ability of the nervous system to modulate sensory input 
begins during middle age and precedes the age-associated decline in muscle mass and strength. 
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Chapter I 
 
 
Review of Literature 
  
	   2 
Overview 
Old adults often use greater amounts of activity in agonist, antagonist and accessory muscles 
than young adults when performing voluntary movement (Hortobágyi and DeVita, 2000).  
Although the mechanisms underlying greater levels of muscle coactivation are largely unknown, 
this strategy is considered undesirable because heightened muscle activity increases the energy 
cost of an action and can reduce movement accuracy (Hortobágyi and DeVita, 2006).   
 Voluntary movements have typically been considered separately from spinal reflexes, 
extensive research undertaken in human and animal models indicates that descending commands 
dispatched from higher centers are integrated with afferent feedback signals from muscles, joints 
and the skin at a spinal level in interneurons common to both descending and peripheral inputs 
(Nielsen, 2004).  Recent studies suggest that the increase in coactivation observed in old subjects 
may, in part at least, be related to a decreased ability to modulate descending commands at a 
spinal level.  Most research in humans has focused on three inhibitory spinal pathways: 
reciprocal Ia inhibition, recurrent inhibition and presynaptic inhibition of Ia terminals. 
Despite the technological challenges associated with investigating these pathways, 
reliable non-invasive methods have been developed to investigate and highlight the importance 
of spinal pathways in voluntary movement, such as presynaptic inhibition of Ia terminals, 
reciprocal Ia inhibition of antagonist muscles, and recurrent inhibition of motor neurons (Pierrot-
Deseilligny and Burke, 2005).  The efficacy of these spinal pathways during rest and voluntary 
movement appears to decline with advancing age, typically resulting in greater levels of muscle 
activity than is mechanically necessary to perform a given movement and therefore impacting 
the ability of an old adults to perform tasks of daily living (Hortobágyi et al., 2003). 
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The importance of spinal reflexes during voluntary movement as a concept has evolved 
from more than a century of research and remains extremely topical.  Sherrington suggested 
about a century ago that movements are performed via the integration of a chain of ‘simple 
reflexes’.  He was also the first to realize that inhibitory reflexes were just as important as 
excitatory reflexes, and that reflex activity during movement was an active rather than a passive 
process (Stuart et al., 2001).  Eccles continued this work during the 1950’s and 1960’s using 
intracellular recordings that allowed pathways concerned with recurrent inhibition, reciprocal 
inhibition, and presynaptic inhibition to be better understood (Burke, 2006).  Subsequently, 
Lundberg in the 1960’s and 1970’s focused on the convergence of sensory afferent input and 
descending tracts from various supraspinal centers on interneurons that were interposed in reflex 
pathways (Hultborn, 2006).  Most contemporary research is based on these seminal studies. 
The aim of this review is to provide a summary of the research that has focused on 
presynaptic inhibition of Ia afferents during voluntary movements and the changes that occur in 
this pathway with advancing age.  The review will begin by defining the pathway and the 
techniques used to investigate presynaptic inhibition, and subsequently describing presynaptic 
inhibition in the context of voluntary movement, acute and chronic plasticity in the pathway.  
Finally the changes that occur with healthy aging will be addressed and the relation between 
presynaptic inhibition and other inhibitory spinal pathways will be discussed. 
 
Presynaptic Inhibition of Ia afferents 
The function of Ia presynaptic inhibition is to gate the monosynaptic Ia input being transmitted 
to motor neurons in order to meet the demands of a task (Nielsen and Sinkjær, 2002).  
Presynaptic inhibition is achieved by modulating neurotransmitter release at the synapse of the Ia 
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terminal onto the motor neuron (Wu and Saggau, 1997).  Frank and Fuortes (1957) were the first 
to report this mechanism, which they described as a depression in the amplitude of the 
monosynaptic excitatory postsynaptic potential (EPSP) recorded in the postsynaptic neuron 
without any discernable change in its time course.  The decrease in EPSP amplitude was also not 
coupled with any observable change in either the potential or conductance across the 
postsynaptic membrane, which suggested the existence of a presynaptic mechanism. 
Eccles (1964) showed that presynaptic inhibition is associated with primary afferent 
depolarization (PAD) and surmised that presynaptic inhibition is mediated through PAD 
interneurons, via an axo-axonic synapse.  Eccles also concluded that primary afferent 
depolarization was mediated by last-order GABAergic interneurons and generated by the 
activation of presynaptic ionotropic GABAA receptors.  The PAD interneurons that mediate 
presynaptic inhibition cause an efflux of Cl– from the Ia terminals, thus depolarizing the 
membrane and reducing the influx of Ca2+ in response to the arrival of an action potential along 
the Ia afferent (Rudomin and Schmidt, 1999).  This results in less transmitter being released by 
the Ia afferent at the synapse with the motor neuron, which evokes a smaller EPSP in the post-
synaptic cell. 
At first glance, the concept of Ia presynaptic inhibition seems relatively straightforward and 
intuitive, however, the connections within the PAD interneuron network are complex, (see 
figures 1 and 2). 
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Figure 1.  Diagram of pathways of presynaptic inhibition with primary afferent depolarization 
(PAD) of Ia terminals in the cat.  In this figure taken from Pierrot-Deseilligny and Burke (2005), 
excitatory synapses are represented by Y-shape bars and inhibitory synapses by small filled 
circles, first-order excitatory PAD interneurons (IN) by open circles, last-order GABAergic PAD 
INs by filled grey circles and inhibitory INs by large filled circles.  First-order PAD INs receive 
excitation from Ia and Ib afferents and the vestibulospinal (VS) tract. They receive inhibition 
through the same inhibitory INs from cutaneous afferents and the corticospinal (CS).  Inhibitory 
INs inhibiting first-order PAD INs receive descending tonic inhibition (dotted line). Last-order 
PAD INs receive inhibition from reticulospinal (RS) pathways. Inputs from Ia and Ib afferents 
are also shown.  Taken from Pierrot-Deseilligny and Burke (2005). 
 
 
Pierrot-Deseilligny and Burke (2005) indicate that the last-order PAD interneuron synapses axo-
axonically onto the Ia afferent and receives excitatory input from first-order PAD interneurons 
and an inhibitory input from the reticulospinal tract.  The first-order PAD interneuron also 
receives excitatory input from the vestibulospinal tract, the corticospinal tract, and group I 
afferents.  Inhibitory inputs that act on the first-order PAD interneuron converge onto an 
inhibitory interneuron that receives inputs from descending tonic inhibitory pathways and 
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cutaneous afferents.  In addition to providing excitatory input to the first-order PAD interneuron, 
the corticospinal tract projects collaterals to the inhibitory interneurons that act on both the first- 
and last-order PAD interneurons.  Animal studies have also indicated that Ia presynaptic 
inhibition can be influenced by group III-IV afferents (Pettorossi et al., 1999).  Group III and IV 
afferents also appear to influence Ia presynaptic inhibition in humans (Pettorossi et al., 1999).  
For example, during an isometric contraction sustained to task failure, mean arterial pressure 
(MAP) can be used as index of group III and IV activity (Duchateau and Hainaut, 1993).  As a 
fatiguing contraction progresses towards failure, the rate of increase in MAP is likely related to 
an increase in Ia presynaptic inhibition (Hunter et al., 2005; Klass et al., 2008; Rudroff et al., 
2011).   
While it is possible to measure Ia presynaptic inhibition in animals and humans, the 
techniques used are often very different.  In animals, direct techniques can be employed and the 
change in membrane potential can be measured directly (Côté and Gossard, 2003), and therefore, 
PAD can be directly recorded from the dorsal root ganglion.  However, in humans direct 
measurements of PAD cannot be made for practical and ethical reasons, which has led to the 
development of non-invasive indirect techniques; the next part of this review discusses these 
approaches. 
 
Approaches to measure Ia presynaptic inhibition in humans 
The most common contemporary method used to investigate spinal pathways focuses on the 
monosynaptic connection of Ia afferents to homonymous spinal motor neurons (Misiaszek, 
2003).  This connection can be investigated by electrical stimulation of the Ia afferent, which will 
evoke an excitatory response from the motor neuron pool resulting in a brief muscle twitch; this 
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reflex response is called the Hoffmann (H) reflex (Tucker et al., 2005).  The H reflex is elicited 
by applying a single rectangular 1 ms electrical impulse to a peripheral nerve (Pierrot-
Deseilligny and Burke, 2005).  The response can be recorded in the homonymous muscle as an 
electromyographic (EMG) potential or a mechanical twitch.  An H reflex can be evoked in any 
muscle where the peripheral nerve can be accessed, but the H reflex can only be measured in a 
few muscles at rest: soleus, quadriceps femoris, hamstrings, tibialis anterior, and flexor carpi 
radialis.  However, some degree of voluntary activation will usually allow an H reflex to be 
recorded in most limb muscles where the peripheral nerve is accessible (Zehr, 2002).  In the 
upper limb, for example, H reflexes may be recorded from flexor carpi radialis (Aymard et al., 
2000), flexor digitorum superficialis (Balderissa et al., 2001), thenar (Burke et al., 1989), 
brachioradialis (Jusic et al., 1995), extensor carpi radialis (Katz et al., 1993), extensor digitorum 
communis (Garcia et al., 1979), flexor carpi ulnaris (Jusic et al., 1995) and abductor digiti 
minimi (Mazzochio et al.,1995).  In the lower limb, H reflexes may be recorded from quadriceps 
(Hultborn et al., 1987a), tibialis anterior (Jusic et al., 1995), gastrocnemius (Tucker et al., 2005), 
biceps femoris (Jusic et al., 1995), semitendinosus (Jusic et al., 1995), the intrinsic muscles of 
the foot (Burke et al., 1989) and the soleus (Hultborn et al., 1987a).  The soleus has been the 
focus of most human studies due to the ease of accessing the posterior tibial nerve in the 
popliteal fossa as well as the large difference between the stimulus thresholds for the H reflex 
and M wave (Capaday, 1997). 
The early part of an H reflex is caused by monosynaptic inputs, whereas the later part is 
determined by oligosynaptic inputs, including Ib inhibitory inputs and IPSPs elicited by 
Renshaw cells (Burke et al., 1984).  Second, input from Ia afferents is subject to modulation via 
presynaptic inhibition prior to reaching the motor neurons (Stein, 1995).  Thus, the presence of 
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presynaptic inhibition means that the H reflex is a somewhat ambiguous measure of motor 
neuron excitability (Zehr, 2002).  Furthermore, the H reflex is extremely sensitive to changes in 
synaptic input received by the motor neuron pool, which results in considerable variability in H-
reflex amplitude.  As a result of this sensitivity, H-reflex amplitude varies across tasks (Brunia, 
1971) and across different phases of a protocol (Tucker et al., 2005).  The most appropriate 
methodological approach to investigate presynaptic inhibition, therefore, is to adjust the stimulus 
intensity in order to keep the amplitude of the test H reflex constant across conditions, and to 
condition the H reflex by evoking a response in the PAD interneurons (Hultborn, 2006). 
With the application of a conditioning stimulus, it is possible to investigate modulation of 
the responsiveness along individual spinal pathways.  The conditioning stimulus is assumed to 
activate a pathway of interest and allow comparisons to be made between the amplitude of the 
conditioned H reflex with that of the test H reflex (Pierrot-Deseilligny and Burke, 2005).  When 
using this technique to investigate Ia presynaptic inhibition, changes in presynaptic inhibition 
can be inferred by observing the depression of the H reflex following a conditioning stimulation 
that is assumed to activate the PAD interneurons (Hultborn et al., 1987a).  Mizuno et al. (1971) 
were the first to use this technique in humans when they applied a conditioning stimulation to the 
deep peroneal nerve and measured the decrease in the amplitude of the H reflex in soleus.  They 
observed two phases to Ia presynaptic inhibition: D1 inhibition (5-30 ms) and D2 inhibition (70-
200 ms; El-Tohamy and Sedgewick, 1983).  It is not immediately clear why presynaptic 
inhibition arrives in two waves.  But Pierrot-Deseilligny and Burke (2005) have suggested that 
that there is insufficient evidence to support the notion that the inhibition is split into different 
phases due to two separate inhibitory processes.  Instead, it is suggested that the inhibition is a 
single long-lasting process that is interrupted by facilitation, probably cutaneous in origin. 
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However, there are a number of limitations associated with the D1/D2-inhibition 
technique.  For example, a change in reflex gain during the contraction will alter the input-output 
relation of the motor neuron pool. (Pierrot-Deseilligny and Mazevet, 2000).  Kernell and 
Hultborn (1990) showed that changes to any of the factors that comprised the ‘input’ (i.e., the 
drive to the motor neuron pool), would have an effect on the ‘output’ (the number of motor 
neurons recruited by the reflex discharge).  Thus, if the reflex gain changed during a voluntary 
contraction, the input-output relation of the motor neuron pool would also change and alter the 
amplitude of the conditioned H reflex.  This amplitude change could be misinterpreted as being a 
result of Ia presynaptic inhibition rather than a change in the input-output relation (Baudry and 
Enoka, 2009).   
Another factor that can influence the recording of D1/D2 inhibition is occlusion.  If the 
excitability of the PAD interneurons is increased due to input that is too strong for a given set of 
testing conditions, the presynaptic network may become saturated and thus unresponsive to the 
conditioning stimulus (Pierrot-Deseilligny and Burke, 2005).  Changes in presynaptic Ia 
inhibition measured with the D1/D2-inhibition are often compared to data obtained via a second 
independent method of investigating presynaptic inhibition, which probes changes in the efficacy 
of heteronymous Ia afferent pathways (Hultborn et al., 1987b).  In the lower limb, stimulating 
the femoral nerve activates heteronymous monosynaptic projections that facilitate the soleus H 
reflex.  In contrast to the D1/D2-inhibition method, stimulation applied to the heteronymous Ia 
afferents can be measured by an increase in the amplitude of the conditioned H reflex (Meunier 
et al., 1993), whereby a greater facilitation indicates a reduction in presynaptic inhibition.  
Aymard et al. (2001) showed that Ia presynaptic inhibition acting on heteronymous Ia afferents 
is modulated in a similar manner to that acting on homonymous Ia afferents during tonic 
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contractions of the wrist flexors and extensors as both pathways involve the same subset of PAD 
interneurons.  Thus, the concurrent depression of the conditioned H reflex during D1 inhibition 
and facilitation of the conditioned H reflex by the heteronymous pathway denote modulation of 
Ia afferent input by presynaptic inhibition (Pierrot-Deseilligny, 1997). 
 
 
Figure 2.  Pathways involved in measuring Ia presynaptic inhibition in humans.  A brief shock to 
the Ia afferent of the TA, activates interneurons (PAD INs) mediating presynaptic inhibition of 
quadriceps (Q) and soleus (Sol) Ia terminals projecting onto Sol motor neurons (MN), referred to 
as D1 inhibition.  Activation of the heteronymous connection between quadriceps and soleus can 
also be used as measure of the strength of presynaptic inhibition; this is referred to as 
heteronymous facilitation, Pierrot-Deseilligny and Burke (2005). 
 
When using the conditioned H-reflex technique to investigate spinal pathways, there are 
at least three methodological issues that must be considered.  First, the variability that is present 
in the amplitude of the H reflex means that single EMG traces are not reliable enough to measure 
reflex amplitude (Brinkworth and Taylor, 1993).  Both control and conditioned H reflexes need 
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to be averaged at least 10 times for each condition (Tucker et al., 2005), although studies have 
produced reliable data by averaging as few as three reflex responses (Tucker and Türker, 2004).  
It is also important to counterbalance the order of control and conditioned H reflexes within and 
across subjects (Pierrot-Deseilligny and Burke 2005). 
Second, H-reflex amplitude can be modulated by post-activation depression, which is due 
to a reduction in the transmitter released by previously active synapses (Crone and Nielsen, 
1989).  A reduction in the amplitude of the conditioned H reflex, therefore, could be caused by 
post-activation depression independent of any change in Ia presynaptic inhibition.  The reflex 
depression is significant for 1-2 s after a response before progressively decreasing and is usually 
sufficiently weakened after ~3-4 s to allow another H reflex to be evoked (Pierrot-Deseilligny 
and Mazevet, 2000).  Thus, an H reflex protocol should include an appropriate amount of time 
between successive H-reflex recordings.  While post-activation depression is an issue when 
recording H reflexes at rest and in standing, it appears to be abolished during a voluntary 
contractions suggesting that post activation depression may be absent in normal functional 
movements (Stein et al., 2007).  An electrophysiological feature that distinguishes between 
presynaptic inhibition of Ia afferents and post-activation depression of motor neurons is the long 
duration of presynaptic inhibition (in the order of hundreds of milliseconds), which has been 
attributed to the sustained activity of PAD interneurons (Eccles et al., 1962) and the relatively 
slow dynamics of GABA release (Rudomin et al., 1998). 
Third, the conditioning stimulus can recruit motor units not involved in the test H reflex 
(Knikou, 2008), for example when using heteronymous facilitation, and it is difficult to control 
for changes in reflex gain using an approach that employs the H reflex (Pierrot-Deseilligny and 
Burke 2005).  To avoid these limitations, an alternative approach is to investigate the influence 
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of a particular input on single motor units.  The method does not assess the amplitude of the 
post-synaptic potential acting on the motor neuron, but rather the probability of an isolated motor 
unit discharging in response to the conditioning stimulation using a post-stimulus histogram 
(Pierrot-Deseilligny and Burke 2005).  A stimulus is delivered after a given delay following the 
discharge of a motor unit and the influence of the stimulus can be deduced by its effect on the 
timing of the subsequent action potential.  An inhibitory input will move the membrane potential 
away from threshold and delay the discharge of the next action potential, whereas an excitatory 
input will have the opposite effect.  This technique requires a tonically discharging motor unit 
with relatively low variation in its discharge rate and the response to the stimulus must be 
recorded many times and averaged; this technique is called spike-triggered averaging (Miles, 
1997).  However, this technique requires single motor unit data to be recorded, which is not 
possible during most dynamic contractions (Trontelj et al., 2005).  Nonetheless, spike-triggered 
averaging has demonstrated that the strength of presynaptic inhibition acting on a motor unit is 
inversely related to the size of the motor neuron; it is stronger on low threshold motor neurons 
than higher threshold motor neurons in both cats (Zengel et al., 1983) and humans (Aimonetti et 
al., 2000).  
 
Ia presynaptic inhibition during voluntary contractions 
The role of Ia presynaptic inhibition during voluntary contractions is to modulate the release of 
transmitter by the Ia afferents onto the motor neurons in agonist, synergist, and antagonist 
muscles (Rudomin and Schmidt, 1999).  Hultborn et al. (1987) investigated muscles in the lower 
limb and were able to demonstrate that Ia presynaptic inhibition was selectively controlled 
during voluntary plantarflexor contractions.  Approximately 50 ms prior to the onset of a 
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voluntary contraction, there was a reduction in the presynaptic inhibition of Ia afferent input in 
the agonist muscle and a concurrent increase in the amount of Ia presynaptic inhibition acting on 
muscles that were not required for the task.  Ia presynaptic inhibition returns to resting levels 
roughly halfway through the ramp increase in force during an isometric contraction (Meunier 
and Pierrot-Deseilligny, 1989).  These factors suggest that supraspinal centers are able to exert 
selective control of afferent input according to the requirements of the task.   
Decreasing presynaptic inhibition of Ia input to motor neurons of the contracting muscle 
will also increase the gain of the monosynaptic stretch reflex, which could be functionally 
important for allowing rapid adjustments to be made when the muscle begins produce force 
(Meunier and Pierrot-Deseilligny, 1989).  The level of Ia presynaptic inhibition to motor neurons 
that innervate an antagonist muscle increases during a contraction with an agonist.  The increase 
in Ia presynaptic inhibition was shown in both the upper limb during wrist flexion and extension 
using both D1 inhibition and heteronymous Ia facilitation (Aymard et al., 2001) and the lower 
limb during ramp-and-hold contractions with the dorsiflexors (Meunier and Morin, 1989).   
Muscle activation relies on the motor neurons receiving input from both descending tracts 
and peripheral feedback (Nielsen, 2004).  Due to the technical demands of investigating both of 
these sources of input in concert, most studies tend to focus on either descending or peripheral 
pathways and, based on their findings, extrapolate what they believe to be happening in the 
other.  However, an elegant approach by Klass and colleagues (2008) used transcranial magnetic 
stimulation (TMS) and H reflex during the same experiment to investigate changes in the balance 
of descending and peripheral inputs during sustained contractions.  TMS is a technique that 
activates a focal area in the motor cortex evoking a twitch response in the targeted muscle 
(Taylor et al., 2006).  As the H reflex can be used as an index of peripheral input, likewise the 
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motor evoked potential (MEP) elicited by TMS gives an indication of the responsiveness of a 
descending pathway.   
Subjects in the study by Klass et al. (2008) were required to exert an elbow-flexion force 
at 20% MVC while supporting an inertial load (position control) or pulling against a rigid 
restraint (force control) with an equivalent net muscle torque.  Subjects were able to sustain the 
force task 66% longer than the position task.  The size of the H reflex decreased during both 
tasks, but at a faster rate and to a greater extent during position control.  The peak-to-peak 
amplitude of the MEP evoked by TMS was not significantly different between force and position 
control, but MEP amplitude at task failure was significantly greater for force control.  The 
interpretation of these data was that the rate of decrease in H-reflex amplitude limited the 
duration of the position task.  As the task progressed, presynaptic inhibition of the Ia afferents 
increased at a faster rate during the position task, as referenced by the smaller amplitude of the H 
reflex.  This faster decrease in H-reflex amplitude during position control was accompanied by a 
greater rate of increase in mean arterial pressure, which is an index of group III and IV 
activation.  As the Ia afferent provides excitatory input to the motor neuron pool, Ia presynaptic 
inhibition reduces excitatory drive; as a consequence, descending drive must increase, as indexed 
by the increase in MEP amplitude, to sustain a constant muscle force.  The point of task failure 
occurs when the descending drive was no longer able to compensate for the decreased excitatory 
peripheral input.  Presynaptic inhibition of Ia afferents, therefore, was mainly responsible for the 
difference in performance between the two tasks. 
The descending drive to motor neurons that innervate agonist and antagonist muscles also 
modulates the activity of the PAD interneurons and the Ia inhibitory interneuron interposed 
between the agonist Ia afferent and the antagonist motor neuron pool (Nielsen and Kagamihara, 
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1992).  The common drive theory postulates that the descending drive to the spinal networks 
innervating agonist and antagonist muscles changes in parallel during voluntary actions (DeLuca 
and Mambrito, 1987).  To examine this theory, Lévénez et al. (2005) investigated afferent and 
descending pathways during a sustained submaximal dorsiflexion contraction at 50% MVC force 
and found that the increase in agonist EMG was accompanied by a gradual increase in H-reflex 
amplitude.  Although EMG amplitude of the antagonist muscle also increased, the amplitude of 
the H reflex evoked in the antagonist muscle increased during the early stages of the contraction 
but then declined.  The parallel increases in EMG amplitude for the two muscles, but divergent 
changes in H-reflex amplitude, suggested that the two sets of motor neurons were controlled 
independently and not by a common drive input.  Subsequently, Lévénez et al. (2008) 
investigated descending contributions to coactivation directly during a sustained isometric 
contraction with the elbow flexors.  TMS was used to elicit motor evoked potentials (MEPs), 
cervicomedullary magnetic stimulation was used to stimulate the corticospinal tract and evoke 
cervicomedullary motor evoked potentials in the muscle (CMEPs), and H reflexes were elicited 
to investigate spinal pathways.  Although the ratio of EMG amplitudes was again similar for 
agonist and antagonist muscles throughout the contraction, the MEPs and CMEPs evoked in the 
antagonist muscle (triceps brachii) increased monotonically whereas H-reflex amplitude first 
increased and then decreased during the contraction.  These findings indicated that coactivation 
of the agonist and antagonist muscles were controlled differentially by supraspinal mechanisms 
rather than a spinal mechanism, presumably through Ia presynaptic inhibition. 
The interaction between coactivation and modulation of spinal reflex pathways can be 
examined with an approach has been developed by a research group in Scandinavia.  This 
approach is called cocontraction and requires subjects to deliberately activate agonist and 
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antagonist muscles concurrently.  With this approach, Nielsen and Kagimihara (1993) 
investigated Ia presynaptic inhibition using both unitary and compound H-reflex techniques.  
The H reflex was depressed during cocontraction in both agonist (soleus) and antagonist (tibialis 
anterior) muscles, but not in a synergist muscle (medial gastrocnemius) when compared with an 
isolated agonist contraction for each muscle.  The study also reinforced the notion of 
independent control of Ia presynaptic inhibition between soleus and tibialis anterior, as well as 
showing a concurrent depression in the heteronymous Ia facilitation of the soleus H reflex, 
suggesting that both homonymous and heteronymous monosynaptic Ia connections are 
controlled in parallel.  
In 2007, Perez and colleagues used the cocontraction approach to investigate the role of 
spinal mechanisms in practice-related improvements on a steadiness task.  Subjects were 
instructed to produce a plantarflexion force of 10% MVC, and then to reduce the torque to zero 
without changing soleus EMG amplitude.  Although the net torque during the cocontraction was 
zero, the agonist and antagonist muscles actually produced equal and opposing forces equivalent 
to 10% of agonist MVC.  Subjects sustained the cocontraction for 3 minutes and repeated this 
task ten times, with two minutes of rest in between sets.  Following the practice trials, steadiness, 
as indexed by SD of force, improved significantly and H-reflex amplitude was depressed.  The 
depression in H-reflex amplitude was ascribed to an increase in presynaptic inhibition of the Ia 
afferents, highlighting the acute plasticity that exists in the PAD network.  The next part of this 
review discusses the chronic adaptions that can occur in reflex pathways with training. 
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Plasticity 
The level of Ia presynaptic inhibition can be changed with training.  Mynark and Koceja (1997) 
showed that trained dancers exhibited a significantly lower reflex gain due to reduced Ia 
presynaptic inhibition during standing than a control group, but there was no difference between 
the two groups when they were in a supine condition.  In addition, strength training appears to 
reduce Ia presynaptic inhibition, which increases the excitability of the motor neuron pool 
(Aagaard et al., 2002).  Further to this, it has also been shown that Ia presynaptic inhibition is 
modulated during immobilization (Lundbye-Jensen and Nielsen, 2008) and with practice of a 
novel visuo-motor skill (Perez et al., 2005). 
The influence of practice and training on reflex responses depends on the specific 
characteristics of the intervention.  For example, Gruber et al. (2007) compared reflex responses 
in two training groups, one group performed ballistic strength training and the second group 
undertook sensorimotor (balance) training.  The results indicated that 4 weeks of balance training 
reduced the amplitudes of the stretch and H reflexes, whereas the reflex amplitudes did not 
change after 4 weeks of strength training.  Likewise, Riley et al. (2008) showed that endurance 
time of a fatiguing contraction could be increased with practice for young adults and that this 
improvement was accompanied by a reduction in the strength of an inhibitory reflex between 
synergist muscles (brachioradialis and biceps brachii).  Significantly, the improvement in muscle 
endurance with practice of the fatiguing contraction did not cause a change in antagonist 
coactivation.  These findings indicate that practice of a task can change the inputs converging 
onto motor neurons via spinal pathways. 
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Changes with aging 
Old adults often adopt different strategies than young adults when performing voluntary actions, 
such as greater levels of coactivation and less reliance on reflex modulation and presynaptic 
inhibition.  Earles et al. (2001) measured Ia presynaptic inhibition in the soleus during 
plantarflexion in young and old subjects at rest and during contractions at 10% and 20% of MVC 
force using the D2 inhibition method.  Significantly greater Ia presynaptic inhibition was 
observed during rest in young subjects and the conditioned H-reflexes at 10% MVC and 20% 
MVC force were significantly greater than those that at rest.  In contrast, the old subjects were 
only able to modulate Ia presynaptic inhibition during the contraction at 20% MVC force.  
Similarly, Butchart et al. (1993) showed differences in the modulation of Ia presynaptic 
inhibition between old and young adults during plantarflexor contractions when a vibration pulse 
was applied to the tibialis anterior to condition the H reflex.  The young subjects’ Ia presynaptic 
inhibition was inversely related to the plantarflexion torque, whereas the old subjects 
demonstrated little or no reduction in Ia presynaptic inhibition at lower torque levels and a only a 
slight reduction at higher torque levels. 
Old adults also have a reduced capacity to modulate heteronymous Ia facilitation.  Morita 
et al. (1995) showed a linear decrease with age in the ability to facilitate the soleus H reflex 
through femoral nerve heteronymous Ia afferents.  The reduced facilitation could be caused by a 
decrease in the number of Ia afferents, a decline in conduction velocity in Ia afferents, or 
increased levels of Ia presynaptic inhibition.  However, old subjects’ reflex pathways are 
responsive to training.  For example, the ability of the elderly central nervous system to modulate 
spinal reflex output can result in a functionally useful decrease of a spinally induced balance 
perturbation, in this example, the soleus H reflex was used as the source of perturbation.  
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Decreasing (down training) of the soleus H reflex was necessary to counteract a perturbation and 
to maintain postural control. 
Furthermore, the relative contributions of feedback and descending control to the 
performance of a movement by an old adult can be modified with practice or training.  For 
example, 6 months of strength training the plantarflexor muscles with dynamic contractions (calf 
raises) by old adults (78 ± 3 yrs) increased antagonist activity during plantarflexion MVCs and 
decreased it during dorsiflexion MVCs (Simoneau et al., 2006).  Similarly, 12 months of strength 
training by old women (74 ± 3 yrs) increased both strength and antagonist coactivation during an 
isometric plantarflexion MVC (de Boar et al., 2007).  Practice of a task can lead to 
improvements in both young and old subjects, although often by different mechanisms.  For 
example, young adults improved accuracy by changing the activity of agonist and antagonist 
muscles, whereas old adults only varied the activity of the agonist muscle (Christou et al., 2007).  
These findings suggest that practice can augment the level of antagonist coactivation, to some 
extent, and that plasticity exists in the pathways that mediate coactivation even in old subjects.  
Old subjects also remain responsive to training (Hakkinen et al., 1998).  For example, following 
sixteen weeks of strength training old subjects were able to increase isometric plantarflexion 
force and the amount of voluntary activation of the plantar flexor muscles (Scaglioni et al., 
2002).  Further to this, after six months of strength training, old subjects were able to increase 
their plantarflexion torque as a result of both strength gains and decreased coactivation 
(Simoneau et al., 2006).  Thus, even in old age it is possible to elicit changes in both muscular 
and neural components concerned with motor control.  Furthermore, old adults have also 
exhibited adaptations in postural reflexes (Granacher et al., 2010) and H reflexes (Mynark and 
Koceja, 2002) after balance training. 
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A recent study by Klass et al. (2011) compared the short- and long-latency stretch and H 
reflexes of young and old (>70yrs) subjects during sustained dorsiflexion at different contraction 
intensities (10-50%MVC).  The relative size of short-latency reflexes and H reflexes were 
similar in young and old at 10% MVC, whereas the long-latency component was augmented 
with age.  However, the size of H reflex increased linearly with target force for young subjects, 
but in old subjects H-reflex amplitude only slightly increased up to the 30% force and then 
plateaued.  The modest augmentation of H-reflex size between contraction intensities in old 
subjects suggests that modulation of afferent feedback is reduced with age.  Furthermore, the 
greater amplitude for the long-latency reflex in old subjects suggests a greater reliance on 
descending commands in old subjects during voluntary movement.  When combined with the 
findings of Lévénez et al. (2005, 2008), who showed that agonists and antagonists are controlled 
by different descending commands, the observation by Klass et al. (2011) suggests that the 
greater coactivation of agonist and antagonist muscles by old adults is a consequence of a shift in 
the balance of feedback and feedforward control of voluntary actions.    
A study by Baudry et al. (2010) provides persuasive evidence that old subjects prefer a 
strategy of coactivation, whereas younger adults opt for a strategy of modulating Ia presynaptic 
inhibition across tasks.  Using the wrist extensor muscles, young (25.0 ± 4.8 yrs) and old subjects 
(74.0 ± 2.8 yrs) were required to support an inertial load (position control) or to achieve an 
equivalent constant torque against a rigid restraint (force control) at three force levels: 5, 10 and 
15% MVC.  When data were collapsed across target forces, young subjects varied the amount of 
Ia presynaptic inhibition in force and position control, but the amount of agonist-antagonist 
coactivation did not change between tasks.  Conversely, old subjects modulated coactivation, but 
not Ia presynaptic inhibition, across tasks.  Although both strategies can augment stability 
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(Mugge et al., 2010), the greater prevalence of antagonist coactivation among the movements 
performed by old adults suggests that the use of afferent feedback to generate corrective actions 
is the preferred strategy for younger adults and that this capacity declines with age.  The question 
remains, however, do old adults retain the capacity to modulate the inflow of afferent 
information, or does the capacity to modulate afferent feedback decline with age?  
 
Other inhibitory spinal pathways 
Sherrington (1897) coined the term reciprocal inhibition to describe the relaxation of an 
antagonist muscle when an agonist contracts.  The pathway comprises an inhibitory interneuron 
interposed between the Ia afferent arising from one muscle and the motor neurons innervating an 
antagonist muscle (Crone, 1993), hence the term reciprocal inhibition.  Each Ia inhibitory 
interneuron projects to approximately 20% of the motor neurons in the pool and synapses onto 
the soma and proximal dendrites (Burke et al., 1971).  In addition to receiving projections from 
the agonist Ia afferent, the Ia inhibitory interneuron receives excitatory input from descending 
pathways (Hultborn, 1976) and cutaneous afferents (Fedina and Hultborn, 1972) and receives 
inhibitory input from Renshaw cells (Hultborn et al., 1971) and the opposite Ia inhibitory 
interneuron (Hultborn et al., 1976).  There is also limited evidence that the terminal of the Ia 
afferent that synapses onto the Ia inhibitory interneuron can be modulated by presynaptic 
inhibition (Enriquez-Denton et al., 2000). 
Conceptually, the role of reciprocal Ia inhibition seems straightforward; contraction of a 
muscle group activates the Ia inhibitory interneurons that depress the excitability of the motor 
neurons projecting to antagonist muscles.  This pathway has received a disproportionate amount 
of attention, partly due to elegance of Sherrington’s conceptualization of the pathway.  However, 
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recent research has begun to question the relative strength of the inhibition in both directions.  
For example, Hamm and Alexander (2010) showed that reciprocal inhibition between quadriceps 
and hamstrings is not actually reciprocal.  That is to say, inhibition is not equal in both directions 
and the authors assert that presumptions about the frequency and strength of other pathways 
between different agonist antagonist pairs need to be assessed. 
The strength of reciprocal Ia inhibition is modulated during tasks that require antagonist 
coactivation and can be influenced by contraction intensity, the type of muscle action, the 
angular position of the joint, the speed of the movement being performed, and fatigue (Kellis, 
1998).  For example, Kasai et al. (1998) showed that modulation of reciprocal Ia inhibition 
appears to be directly related to the different functional demands of dorsiflexion during sitting 
and standing.  The depression of H-reflex amplitude was significantly greater during standing 
than sitting, despite performing a similar contraction with the dorsiflexors.  The depression in H 
reflex also appeared earlier during standing, suggesting that reciprocal Ia inhibition was 
associated with the posture assumed during voluntary movement.  Furthermore, the strength of 
reciprocal inhibition is modulated between ankle flexors and extensors when walking (Kido et 
al., 2004; Lavoire et al., 1997) and cycling (Pyndt et al., 2003).  Old subjects appear to have a 
reduced capacity to modulate reciprocal inhibition (Leonard et al., 1997), which presumably 
contributes to increased agonist-antagonist coactivation. 
A second inhibitory spinal pathway is recurrent inhibition.  The recurrent inhibitory 
pathway is unique in that it is activated by the final motor output rather than afferent input 
(Pierrot-Deseilligny and Burke 2005).  Despite being the first spinal pathway identified, and its 
morphology and physiology being well understood, the functional role of recurrent inhibition 
during voluntary movement remains unclear (Hultborn et al., 1979; Iles, 2008).   
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Recurrent inhibition of homonymous spinal motor neurons is mediated by an inhibitory 
interneuron called the Renshaw cell, located ventrally in lamina VII and medial to the motor 
neuron pool (Jankowska and Lindström, 1971).  Axons of most alpha motor neurons, but not all, 
give rise to recurrent collaterals that project to Renshaw cells, which serve to inhibit 
homonymous alpha motor neurons (Renshaw, 1941).  However, motor neurons innervating 
muscles of mastication (Türker et al., 2007) and the intrinsic muscles of the hands and feet (Katz 
et al., 1993) do not receive recurrent inhibition.  A possible explanation for the absence of 
recurrent inhibition in these muscle groups could be that the magnitude of recurrent inhibition 
seems to be inversely related to the ability of a given muscle to produce highly individualized 
and precise movements (McCurdy and Hamm, 1992; Rossi and Mazzocchio, 1991).   
Seminal work by Eccles et al. (1961) showed that each individual Renshaw cell is 
activated by many axon collaterals and that the number of collaterals varies by motor unit type 
(Cullheim and Kellerth, 1978).  Renshaw cells do not receive direct input from antagonist motor 
neurons suggesting that convergence of inputs onto Renshaw cells is based on both proximity 
and function (Baldissera et al., 1981).  Renshaw cells also receive inputs from descending 
pathways that either facilitate or inhibit the cell independent of motor neuron discharge 
(Mazzocchio et al., 1994).  For example, Renshaw cell activity is modulated during a contraction 
of soleus (Hultborn and Pierrot-Deseilligny, 1979), during a contraction of its antagonist (Katz 
and Pierrot-Deseilligny, 1984) and by changing limb position (Rossi et al., 1987).  Nielsen and 
Pierrot-Deseilligny (1996) showed that Renshaw cells are strongly inhibited during 
plantarflexion, but are not inhibited during cocontraction.  These data indicate that although the 
activity level of the antagonist can influence recurrent inhibition, it is likely that the 
responsiveness of the Renshaw cell is modulated by descending inputs (Windhorst, 1996). 
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Although the function of recurrent inhibition during voluntary movement is not clear 
(Iles, 2008), it seems that the pathway does more than function as a simple negative feedback 
loop (Windhorst, 1996).  For example, Türker and Powers (2002) suggested that recurrent 
inhibition may alter the discharge times of steadily discharging motor neurons and cause a 
greater level of synchronization due to a common inhibitory input (Türker and Powers 2001).  
Furthermore, it has been suggested that discharge variability of motor neurons may be reduced 
by the damping actions of the recurrent IPSPs acting together with the post-spike 
hyperpolarization, which may limit the influence of synaptic noise on motor neuron discharge 
(Mattei et al., 2003).   
The level of recurrent inhibition is modulated during a voluntary contraction.  Löscher 
and colleagues (1996) showed that the amount of recurrent inhibition acting on the soleus 
decreased during a sustained submaximal plantarflexion.  A decrease in the number of IPSPs 
acting on the motor neuron pool as a result of a reduced level of recurrent inhibition would 
increase the excitability of the homonymous motor neuron pool.  When recurrent inhibition 
decreases over time, however, the amount of inhibitory input acting on the motor neuron pool of 
the antagonist muscle would increase.  Consistent with this possibility, agonist and antagonist 
EMGs usually increase during such contractions (Rudroff et al., 2007; Hunter et al., 2002).  
However, Lévénez et al. (2008) provided compelling evidence to suggest that the increase in 
antagonist EMG during sustained contractions is mediated by supraspinal mechanisms rather 
than by spinal mechanisms that might include recurrent inhibition.   
Relatively little is known about how Renshaw cell function changes with age.  Chalmers 
and Knutzen (2004) showed that the levels of recurrent inhibition were similar in the soleus 
muscle of old and young subjects at rest, but there are a number of concerns with the protocol 
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used in this study.  Indeed, given that the soleus is a postural muscle, the subjects were seated 
and relaxed, and that Renshaw cells are excited by motor neuron discharge, it is difficult to 
understand the functional implication of these findings (Stein and Thompson, 2006). 
In addition to providing feedback to the alpha motor neuron, the Renshaw cell also 
modulates a number of other pathways, such as via projections to static and dynamic gamma 
motor neurons.  As the gamma motor neurons innervate the intrafusal muscles fibers of the 
muscle spindle, the Renshaw cell can modulate the gain of the stretch reflex pathway (Hultborn 
et al., 1979).  However, recurrent inhibition is less powerful and less evenly distributed among 
gamma motor neurons than alpha motor neurons within the same motor neuron pool (Ellaway 
and Murphy, 1981).  Furthermore, it has also been shown that Renshaw cells inhibit other 
Renshaw cells so that those cells activated by a given muscle group will inhibit the Renshaw 
cells of the antagonist muscle group (Ryall, 1970, 1981).  The Renshaw cell also inhibits the Ia 
inhibitory interneuron, which increases the excitability of the antagonist motor neuron pool 
(Hultborn et al., 1971). 
The presence of recurrent inhibition is sometimes used as an index to verify that 
techniques purporting to measure Ia reciprocal inhibition are actually doing so; a supramaximal 
shock to an agonist nerve should activate all Renshaw cells and extinguish Ia reciprocal 
inhibition to the antagonist muscle (Windhorst, 1996).  A study conducted by Baret et al. (2003) 
on humans investigated the influence of recurrent inhibition on the level of reciprocal Ia 
inhibition from soleus to tibialis anterior.  The study attempted to separate the relative 
contributions of the Ia afferents and non-reciprocal group 1 inhibition to the decrease in activity 
experienced by the antagonist muscle.  Non-reciprocal Ia inhibition refers to the input from 
agonist and antagonist Ia and Ib afferents that converge onto group I interneurons (Jankowska, 
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1992).  The relative contributions can be estimated as only the Ia interneuron is subject to 
recurrent inhibition from Renshaw cells.  Based on the time course of the inhibition acting on 
tibialis anterior, the Baret et al. (2003) concluded that the soleus motor discharge suppressed the 
reciprocal Ia inhibition to the tibialis anterior via recurrent inhibition.  An important implication 
of this finding is the parallel supraspinal control acting on motor neurons, Renshaw cells, and Ia 
inhibitory interneurons (Lundberg, 1999).   Similar results have also been observed in the 
muscles that cross the elbow joint (Katz et al., 1991).   
Given that muscles around joints with many degrees of freedom used in fine control, such 
as those in the hand, wrist and around the jaw, do not appear to have recurrent inhibition, it 
seems reasonable to assert that they, likewise, do not have reciprocal inhibition. There is some 
evidence that more distal muscles have less reciprocal inhibition, certainly this is true of the wrist 
joint (Pierrot-Desilligny and Burke, 2005).  As already explained, PAD interneurons receive 
more inputs from a greater number of descending tracts and receive more inputs from a greater 
number of afferent sources, relative to reciprocal and recurrent inhibition.  Therefore in muscles 
used for fine control, it makes sense for the ‘fine-tuning’ of the descending drive at the spinal 
level to be more reliant on presynaptic inhibition in these types of muscles. 
The interaction between Renshaw cells and Ia inhibitory interneurons has been 
demonstrated in both animal and human studies (Windhorst, 1996).  What has been less well 
investigated is the relation of these pathways to Ia presynaptic inhibition.  For example, although 
it is recognized that the terminal of the Ia afferent that synapses onto the inhibitory interneuron 
receives presynaptic inhibition (Enriquez-Denton et al., 2000), this connection has received little 
attention.  Furthermore, it is not known whether the terminal of the Ia inhibitory interneuron can 
be modulated by presynaptic inhibition, as suggested by Nielsen (1998).  Although it is not 
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known whether Renshaw cells can influence the PAD network, the PAD interneurons certainly 
receive input from agonist and antagonist Ia afferents (Eccles et al., 1962).  The complexity of 
these interconnections means that these interneurons interact with one another, but most 
modulation of these pathways originates in higher centers.  
As research moves forward to allow a better understanding of the underlying causes of 
increased coactivation in the elderly, notwithstanding the technical difficulties associated with 
the techniques used to probe these pathways, the influence of these inhibitory spinal pathways on 
each other as well as coactivation remain a significant gap in knowledge on this topic. 
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Chapter II 
 
 
Discharge characteristics of biceps brachii motor units at recruitment when old adults 
sustained an isometric contraction 
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Abstract The	  purpose	  of	  this	  study	  was	  to	  compare the discharge characteristics of motor units recruited 
during an isometric contraction that was sustained with the elbow flexor muscles by old adults at 
target forces that were less than the recruitment threshold force of each isolated motor unit.	  	  The	  discharge	  times	  of	  27	  single	  motor	  units	  were	  recorded	  from	  the	  biceps	  brachii	  in	  11	  old	  adults	  (78.8 ± 5.9 yrs).  The target force was set at either a relatively small (6.6 ± 3.7% 
maximum) or large (11.4 ± 4.5% maximum) difference below the recruitment threshold force 
and the contraction was sustained until the motor unit was recruited and discharged action 
potentials for ~60 s.  The time to recruitment was longer for the large target-force difference 
(P=0.001).  At recruitment, the motor units discharged repetitively for both target-force 
differences, which contrasts with data from young adults when motor units discharged 
intermittently at recruitment for the large difference between recruitment threshold force and 
target force (Riley et al. J Physiol 586: 2183, 2008).  The coefficient of variation for the first five 
interspike intervals increased from the small (18.7 ± 7.9) to large difference (35.0 ± 10.2%, 
P=0.008) for the young adults, but did not differ for the two target force differences for the old 
adults (26.3 ± 14.7 to 24.0 ± 13.1%, P=0.610).  When analyzed across the discharge duration, the 
average coefficient of variation for interspike interval decreased similarly for the two target-force 
differences (P=0.618) in old adults.  These findings contrast with those for young adults and 
indicate that the integration of synaptic input during sustained contractions differs between 
young and old adults.	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Introduction 
When a muscle contraction is sustained at a force that is less than the upper limit of motor unit 
recruitment, not all motor units are activated at the onset of the contraction.  As the contraction 
progresses, the force exerted by motor units active from the beginning of the contraction 
decreases due to a decline in motor unit discharge rate (Bigland-Ritchie et al., 1986; Carpentier 
et al., 2001; Enoka et al., 1989; Garland et al., 1994; Gatev et al., 1986; Mottram et al., 2005; 
Person and Kudina 1972; Rudroff et al., 2010) and a decrease in the force-generating capacity of 
the muscle fibers (Allen et al., 2008; Westerblad et al., 2002).  To compensate for the reduction 
in motor unit force, the net muscle force is maintained by a gradual increase in the descending 
drive that recruits previously inactive motor units (Löscher et al., 1996).  Once activated, the 
newly recruited motor units discharge action potentials either repetitively or intermittently (Bawa 
et al., 2006; Carpentier et al., 2001; Fallentin et al., 1993; Garland et al., 1994; Maton and 
Gamet 1989; Miller et al., 1996) and the previously active motor units may either continue to 
discharge action potentials or cease to discharge action potentials for the remainder of the 
contraction (Person 1974) or until the motor unit has recovered sufficiently to resume activity 
(Bawa et al., 2006). 
Riley et al. (2008) found that the discharge characteristics of motor units at recruitment 
could differ substantially depending on the difference between the recruitment threshold of the 
motor unit and the target force for the sustained contraction.  When the target force was ~5% of 
maximum less than the recruitment threshold of an isolated motor unit in biceps brachii, the 
discharge was less variable than when the target force was ~10% of maximum below its 
recruitment threshold.  As recordings obtained from the same motor unit in a second set of data 
(n = 12) were consistent with the larger set of data made from separate motor units (n = 53), the 
	   31 
difference in discharge characteristics for the two tasks was attributed to differences in the 
integration of synaptic input received by the motor neuron (Riley et al., 2008).  Given age-
associated changes in both the synaptic input that is delivered to motor neurons (Boxer et al., 
1988; Eisen et al., 1996; Oliviero et al., 2006) and in the intrinsic properties of the motor 
neurons (Engelhardt et al., 1989; Morales et al., 1987; Piotrkiewicz et al., 2007; Rossini et al., 
1992), it seems likely that the discharge characteristics of motor units at recruitment will differ 
for old adults when they perform such tasks.  The purpose of this study was to compare the 
discharge characteristics of motor units recruited during an isometric contraction that was 
sustained with the elbow flexor muscles by old adults at target forces that were less than the 
recruitment threshold force of each isolated motor unit.  Some of these data have been presented 
in abstract form (Holmes et al., 2010; Pascoe et al,. 2008).   
Methods 
Eleven healthy adults (78.8 ± 5.9 yrs; range, 71 – 88 yrs; 8 men) who were free from 
cardiovascular and neurological disorders volunteered for the study and participated in one to six 
experimental sessions.  Informed consent was obtained from each of the participants and the 
experimental procedures were approved by the Institutional Review Board at the University of 
Colorado and were in accordance with the Declaration of Helsinki. 
Experimental setup Subjects	  were	  seated	  upright	  in	  an	  adjustable	  chair	  with the left upper arm vertical	  and	  slightly	  abducted	  from	  the	  trunk.	  	  The	  elbow was	  flexed	  to	  1.57	  rad	  and secured in a 
padded brace.  The forearm was oriented in a neutral position midway between supination and 
pronation.  The hand and forearm were secured with a modified wrist-hand orthosis 
(Orthomerica, Newport Beach, CA, USA).  The force exerted by the elbow flexor muscles was 
	   32 
measured in the upward direction at the wrist with a force-moment sensor (900-N range, 182 N 
V-1; JR-3, Woodland, CA, USA).  The orthosis was attached to the transducer at the level of the 
wrist (Figure 3A).  Visual feedback of elbow flexion force was provided on a 17-in computer 
monitor located at eye level ~1.2 m in front of the subject.  Force signal was digitized with a 
Power 1401 (Cambridge Electronic Design; CED, Cambridge, UK) at 200 samples s-1 and stored 
on a computer.   
 
 
 
 
 
Figure 3.  A, position of the left arm in the experimental setup.  Subjects were seated with the 
arm slightly abducted from the body and with the elbow resting on a padded platform.  Vertical 
force was measured as the elbow flexor muscles contracted and the left wrist pulled up against a 
force transducer.  A subcutaneous wire electrode was placed over the short head of the biceps 
brachii muscle.  The broken line denotes the level of a transverse section, inset B, through the 
upper arm to show the location of the electrode as it passes from the medial to the lateral aspect 
of the arm, overlaying the muscle fascia of the biceps brachii, and continues to the amplifier. 
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Electromyographic recordings 
Single motor unit recordings were obtained from the short head of biceps brachii using a 
branched bipolar electrode (stainless steel, diameter: 50-µm, Formvar insulated, California Fine 
Wire Company, Grover Beach, CA, USA; (Enoka et al., 1988; Gydikov et al., 1986; Mottram et 
al. 2005).  The electrode comprised two insulated fine wires that were glued together with three 
~1 mm regions of the insulation removed; two regions ~1 mm on one wire, separated by 3 mm, 
and a single exposed ~1 mm region on the other wire positioned in between the two regions of 
the other wire.  The lateral margin of the short head of biceps brachii and the intermarginal 
septum of the biceps brachii were identified and a 25-gauge, 3.81 cm disposable hypodermic 
needle was used to insert the wires subcutaneously across the muscle belly of the short head of 
biceps brachii without penetrating the muscle fascia and approximately perpendicular to the 
orientation of the muscle fibers (Fig. 2B).  The needle was removed prior to recording motor unit 
activity.  The location of the recording sites was adjusted by pulling on the exposed ends of the 
electrode and its position was optimized to provide the greatest signal-to-noise ratio during 10-s 
ramps to a target force of 50% maximal voluntary contraction (MVC) force.  A reference 
electrode was placed on the lateral epicondyle of the humerus.  Single motor unit recordings 
were amplified X5,000 and band-pass filtered between 300 Hz and 8.5 kHz (S-series, Coulbourn 
Instruments, Allentown, PA, USA).  The motor unit signal was sampled at 20k samples s-1 with a 
Power 1401 (CED) and stored on a computer (Spike2, v.5.20, CED). 
Surface electromyographic (EMG) recordings were made using a bipolar configuration of 
circular silver-silver chloride electrodes (8-mm diameter) placed on one side of the innervation 
zone for the short and long heads of biceps brachii and the lateral head of the triceps brachii 
(interelectrode distance of ~20 mm).  Reference electrodes were placed over the acromion 
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process of the ipsilateral scapula.  Smaller electrodes (4-mm diameter) were placed over the 
brachioradialis muscle.  The surface EMG signals were amplified X1,000, band-pass filtered 
between 13 Hz and 1 kHz (S-series, Coulbourn Instruments), sampled at 2k samples s-1, and 
stored on a computer (Spike2, v.5.20, CED). 
Protocol 
The experimental protocol replicated the previous study with young adults (Riley et al., 
2008).  The following six tasks were performed on the elbow flexor muscles of the left arm of 
the volunteers in each experimental session: (1) assessment of the MVC force; (2) identification 
of a single motor unit; (3) measurement of the recruitment and derecruitment thresholds of the 
motor unit; (4) performance of the sustained isometric contractions at 5-10% below the 
recruitment threshold of the motor unit; (5) evaluation of the recruitment and derecruitment 
thresholds of the motor unit immediately after the final sustained contraction; and (6) completion 
of another MVC with the elbow flexor muscles.  Each experiment lasted about two hours. 
The experimental session began with a minimum of two MVCs in the flexion direction 
and at least one in the extension direction.  The MVC task involved increasing the force from 
zero to maximum over 3 s and then holding the maximum for a further 1-2 s.  To minimize 
fatigue, subjects rested for 90-120 s between trials.  If the peak MVC force for the two elbow 
flexor trials were within 5% of each other, the larger of the two values was recorded as the 
maximum and used as a reference value for the recruitment threshold force of the motor unit.  
Otherwise, additional trials were performed until the 5% criterion was met.  Efforts that the 
subject did not regard as maximal were rejected, and the visual gain of the force feedback was 
varied across trials to minimize the subjects’ awareness of differences in performance. 
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Motor units were identified in the subcutaneous EMG recording by asking the subjects to 
slowly increase elbow flexor force from rest to 50% MVC force in ~10 s and then gradually 
relax during the subsequent 10 s to produce a triangular force profile.  Subjects were instructed 
to change force at a constant rate.  Once a potential unit was identified, subjects performed three 
ramp contractions that were separated by 60 s of rest.  The recruitment threshold was estimated 
during the experiment by noting the force after the third interspike interval, and averaging the 
values from the ramp contractions. 
The target force for the sustained contraction was set at either 5 or 10% MVC force 
below the recruitment threshold force of the motor unit, which were denoted as small and large 
differences between the two forces, respectively.  The absolute force difference was scaled to the 
recruitment threshold force of the motor unit.  A line was set at the target force on the monitor 
and the subject was asked to increase the force up to the line gradually (~15 s) and to maintain 
the target force as steadily as possible until instructed by the investigator to relax.  The gain of 
the display was adjusted to keep both the target and rest force lines consistent across subjects.  
Subjects observed the two force traces during the task.  The time to recruitment was defined as 
the time from target acquisition to the first action potential discharged by the isolated motor unit.  
The task was terminated when the motor unit became active and discharged action potentials 
repetitively for ~60 s.  After a brief rest period (~180 s), the contraction at the other target force 
was performed.  The order in which the two target forces (small and large differences) were 
performed was counterbalanced across subjects.  The presence of the same motor unit after each 
sustained contraction was later verified offline by comparing waveform overdraws created with 
Spike2 software. 
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In four separate sessions, subjects maintained target forces that were much greater than 
10% MVC below recruitment threshold force (range: 15.2 – 27.2% MVC).  Furthermore, when a 
subject was willing and the experimental conditions remained viable, the position of the 
subcutaneous electrode was adjusted to obtain recordings from a second motor unit, this was 
possible in four experimental sessions.  
Data analysis  
Template matching with Spike2 software was performed offline to discriminate 
individual motor unit action potentials.  The accuracy of the discrimination was verified by close 
visual inspection of each discriminated spike and by reviewing the interspike intervals.  
Interspike intervals >250 ms (<4 pulses per second; pps; n = 42, 0.10% of discharges) or <10 ms 
(>100 pps; n = 6, 0.01% of discharges) were excluded from the calculations of discharge rate.  
Long interspike intervals likely arose from the brief cessation of motor-unit discharge, whereas 
very short intervals exceed the rates normally observed during these types of contractions for 
human motor units (Bigland-Ritchie and Lippold 1954; De Luca et al., 1982; Kanosue et al., 
1979; Tanji and Kato 1973) and likely resulted from discrimination error or a double discharge.   
Recruitment threshold force was determined with an algorithm that involved advancing a 
500-ms window in 1-ms steps across the discharge times of the motor unit until the coefficient of 
variation for interspike interval in the window was <50% (Moritz et al., 2005).  The force 
corresponding to the time of the first discharge in the window was taken as the recruitment 
threshold force.  The same method was used to define the derecruitment threshold force of the 
motor unit.  The discharge rate and the coefficient of variation for interspike interval were 
determined for a 500-ms window at recruitment and derecruitment.  A linear trend was fit 
through the ascending and descending force trajectories to calculate the rate of force 
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development and relaxation, respectively. 
As the duration of the contraction differed across individuals, each contraction after 
recruitment was divided into five epochs of equal duration.  The discharge rates during the 
sustained contractions were averaged for each 20% interval and the coefficient of variation for 
interspike interval was calculated from the first five interspike intervals in each 20% interval.  
Force fluctuations were calculated as the normalized measure of variability, the coefficient of 
variation (standard deviation/mean force X 100).  Surface EMG values are reported as the root-
mean-square (RMS) amplitude of the signal normalized to the RMS for a 500-ms epoch centered 
about the peak force during the MVC.  Coactivation ratios were quantified as the quotient of the 
averaged, rectified and normalized EMG values of the elbow extensors (lateral head of triceps 
brachii) relative to that for the pooled average of the elbow flexors (brachioradialis, short and 
long head of biceps brachii). 
Statistical analysis 
Paired samples t-tests were used to compare MVC force before and after the end of the 
protocol; recruitment threshold force and derecruitment threshold force to one another and also 
to assess the change after the end of the protocol; discharge rate and the coefficient of variation 
for interspike interval at recruitment and derecruitment threshold; the duration of the two 
sustained contractions; and the rate of force development and relaxation during the ramp 
contractions.  Independent samples t-test were used to compare recruitment threshold forces 
between old adults of this study and the young adults of Riley et al. (2008).  The mean discharge 
rate and coefficient of variation for interspike interval in each 20% epoch of discharge duration 
were compared with repeated-measures two-way ANOVAs (target-force X time).   
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The target force, difference between target force and recruitment threshold force, and 
the time to recruitment of the motor unit were compared with a subset of 12 motor units from 
young adults (Riley et al., 2008) with repeated-measures two-way ANOVAs (age X target-
force).  In addition, the mean discharge rate and coefficient of variation for the first five 
interspike intervals obtained at recruitment during the sustained contractions were compared 
using a two-way ANOVAs (age X target-force) with repeated-measures on the target-force 
factor.  Post-hoc analysis with paired samples t-tests were used when appropriate to compare the 
mean discharge rate between each 20% epochs of discharge duration.  The coefficient of 
variation for force, average RMS amplitude of the surface EMG, and coactivation ratios were 
compared for the first and last third of discharge duration between young and old subjects using 
multivariate three-way ANOVAs (age X target-force X time).  An alpha level of P < 0.05 was 
used to identify significant differences.  All statistical analyses were performed using SPSS 
(v.16.0, Chicago, IL, USA).  Data are presented in the text as means ± standard deviations and in 
figures as means ± standard error of the mean. 
Results 
The results comprise recordings for 27 motor units from the short head of biceps brachii 
when 11 old adults sustained an isometric contraction with the elbow flexor muscles at a target 
force that was less than the recruitment threshold of the isolated motor unit.  The discharge of 
each motor unit was recorded during two contractions that differed in the magnitude of the 
difference between the target force and the recruitment threshold force.  An example of the 
sustained contractions at two different target forces below recruitment threshold force (34.2% 
MVC) from the same motor unit is shown in Figure 4.  The time from the start of the contraction 
to the recruitment of this motor unit was 7.3 s when the target was set at 8.7% MVC force below 
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recruitment threshold force (Fig. 4A) and 118 s when the target force was set at 13.8% MVC 
force below recruitment threshold (Fig. 4B).  MVC force for the old subjects did not change from 
the beginning (158 ± 64 N) to the end of the protocol (154 ± 53 N, P=0.489), which indicates 
that the two tasks involved minimal fatigue.  In the four experiments that more than one motor 
unit recording could be obtained, the decline in MVC force from the beginning to the end of the 
first experiment was 3.1%, which indicated that recording of the second motor unit began with a 
minimal amount of fatigue. 
 
 
 
 
Figure 4.  A, representative data from a sustained contraction depicting, from top to bottom, the 
instantaneous discharge rate of the motor unit (pulses per second; pps), discriminated action 
potentials with waveform overlay, interference electromyogram from the wire electrode, and the 
vertical force exerted against the force transducer by the wrist.  The motor unit had a recruitment 
threshold force of 34.2% MVC.  The time to recruitment was 7.3 s for a target set at 8.7% MVC 
force below recruitment threshold force.  B, time to recruitment for the same motor unit 
increased to 118 s when the target was set at 13.8% MVC force below recruitment threshold 
force. 
 
Recruitment threshold 
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The average recruitment threshold force for the motor units from the old adults was 25.4 ± 
10.2% MVC (range: 9.5 – 48.3% MVC) and this was unchanged (23.8 ± 10.1% MVC) at the end 
of the protocol (P=0.08).  Identifiable derecruitment threshold forces were obtained for 15 of the 
27 motor units examined.  The derecruitment threshold forces (16.6 ± 9.8% MVC) were less than 
the recruitment threshold forces for the set of ramp contractions that preceded (27.7 ± 11.4% 
MVC, P<0.0001) the sustained contractions.  The rate of force development (5.00 ± 2.72% 
MVC/s) was not significantly different from the rate of force relaxation (6.92 ± 9.53% MVC/s) 
during the ramp contractions (P=0.290).  The discharge rate at recruitment (10.0 ± 2.5 pps) was 
significantly greater than that at derecruitment (8.01 ± 2.7 pps, P=0.001).  The coefficient of 
variation for the interspike intervals at recruitment (19.3 ± 6.8%) was significantly less than that 
at derecruitment (25.6 ± 7.2%, P=0.026).  The recruitment thresholds were lower for old adults 
(25.4 ± 10.2% MVC) when compared with both the group of 53 units (31.1 ± 12.3% MVC, 
P=0.043) and the separate subset of 12 units (32.8 ± 9.6% MVC, P = 0.04) from the young adults 
in Riley et al., (2008).  
 
Sustained contractions 
The duration over which discharges were recorded did not differ for the two differences 
in target force (64.0 ± 10.8 s, P=0.340).  Also, the motor units discharged repetitively at 
recruitment for both target-force differences (Fig. 5A), which contrasts with a previous 
observation for young adults when motor units discharged intermittently at recruitment with a 
large difference between recruitment threshold force and target force (Fig. 5B).   
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Figure 5.  A, representative trains of action potentials at the time of recruitment for a motor unit 
in biceps brachii of an old adult for both the small and large difference between target force and 
recruitment threshold force.   B, trains of action potentials for a motor unit in the biceps brachii 
of a young adult.  The variability of the first five interspike intervals was increased in the young 
adult for the large difference between the target force and recruitment threshold force, but not in 
the old adult.   
 
The target forces were greater for young adults (age main effect: P=0.004) for both small 
and large differences in target force (27.1 ± 10.3 and 22.3 ± 10.1% MVC force) compared with 
old adults (18.4 ± 7.9 and 13.5 ± 7.0% MVC force, Fig. 6A).  The difference between target 
force and recruitment threshold force was less for the small difference in both age groups (age X 
target-force interaction: P=0.923), and increased from 6.62 ± 3.7 to 11.4 ± 4.5% MVC force for 
the large difference (target-force main effect: P<0.001).  The small and large target-force 
differences for the old adults were 7.01 ± 4.2 and 11.9 ± 5.2% MVC, respectively.  The time to 
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recruitment was longer for the large difference (target-force main effect: P=0.001, Fig. 6B), 
especially for the old adults (age main effect: P=0.015).  There was a significant interaction (age 
X target-force interaction: P=0.004) as the time to recruitment increased from 17.9 ± 27.0 s to 
160 ± 145 s for the old adults compared with 22.5 ± 21.7 s to 37.1 ± 50.4 s for the young adults.   
 
 
Figure 6.  Task characteristics for the 27 motor units recorded from old adults () and the 12 
motor units from young adults ().  Young data are from Riley et al. (2008).  A, target force (% 
MVC) was greater for young adults than for old adults (P=0.004) for both the small and large 
difference between target force and recruitment threshold force.  The target force was greater for 
the small difference for both ages (P=0.923), and decreased for the large difference (P<0.001).  
B, the time to recruitment (s) increased for the large difference between target force and 
recruitment threshold force (P=0.001), but more so for the old adults (P=0.004). 
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The mean discharge rate at recruitment was greater in younger adults (age main effect: 
P<0.001, Fig. 7A) and did not differ for the two target-force differences for either the young 
(small difference 13.2 ± 3.5, large difference 13.9 ± 4.3 pps) or old adults (small difference 8.3 ± 
2.5, large difference 8.4 ± 3.3 pps).  The coefficient of variation for the first five interspike 
intervals did not differ between young and old adults (age main effect: P=0.610, Fig. 7B); 
however, a main effect for target-force difference (P=0.008) and a significant interaction 
(P<0.001) indicated that the coefficient of variation increased for the young adults (small 
difference 18.7 ± 7.9, large difference 35.0 ± 10.2%) but did not change for the old adults (small 
difference 26.3 ± 14.7, large difference 24.0 ± 13.1%). 
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Figure 7. Discharge characteristics at recruitment for the 27 motor units recorded from old adults 
() and the 12 motor units from young adults ().  Young data are from Riley et al., (2008).  A, 
mean discharge rate (pps) for the first five interspike intervals was greater for the young adults 
(age main effect: P<0.001) and did not differ between tasks for both the young and old adults 
(target force main effect: P=0.458).  B, the coefficient of variation (%) for the first five interspike 
intervals did not differ between young and old adults (age main effect: P=0.610); however, the 
coefficient of variation increased with the difference between target force and recruitment 
threshold force for the young, but not for the old adults (age X target force interaction: P=0.001).   
 
Mean discharge rate for the old adults was similar for all 20% epochs (target force main 
effect: P = 0.179); discharge duration was 64.0 ± 10.8 s for the old adults and 63.2 ± 27.9 s for 
the young adults.  When the data were collapsed across target-force differences, a paired 
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comparison indicated there was no difference between the first 20% (11.8 ± 3.1 pps) and the last 
20% (11.0 ± 2.0 pps) epoch of discharge duration (P=0.091, Fig. 8A).  The average coefficient of 
variation for interspike interval also decreased similarly for the two target-force differences (time 
X target force interaction: P=0.618, Fig. 8B), decreasing from 25.2 ± 13.8% at the start of the 
contractions to 10.8 ± 5.6% at the end of the contractions (time main effect: P<0.001).  These 
findings contrast with those for young adults (Riley et al., 2008) when the mean discharge rate 
(Fig 8C) and coefficient of variation for interspike interval (Fig. 8D) changed in opposite 
directions for the two target-force differences. 
 
 
 
Figure 8.  Discharge characteristics for the motor units during the sustained contractions for 
young (right column) and old (left column) adults.  Young data are from Riley et al. (2008).  A, 
mean discharge rate (pps) for the 27 units of old adults for the small () and large () difference 
between target force and recruitment threshold force (% MVC) for each 20% of discharge 
duration.  Discharge rate did not change from the first to the last 20% of discharge duration 
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(P=0.091).  B, coefficient of variation for first five interspike intervals was greater during the 
first 20% of discharge duration for old adults (*time main effect: P<0.001) and decreased to the 
same extent for both differences in target force (P=0.618).  C, mean discharge rate for young 
adults decreased (*time main effect: P=0.04) for the small () difference in target force, but not 
the large difference ().  D, the average coefficient of variation for the first five interspike 
intervals for the young adults was less for the small difference in target force (target-force 
difference main effect: P<0.001) and it was elevated for the first and last 20% of discharge 
duration (*time main effect) compared with the middle time points for the large difference in 
target force.   
 
The coefficient of variation for force did not differ between young and old adults (age 
main effect: P=0.328), but the value was greater for the large difference (target force main effect: 
P=0.002) and increased over time (time main effect: P<0.001), from 1.63 ± 0.96% in the first 
third to 2.01 ± 0.94% in the final third of discharge duration.  Surface EMG amplitude for all 
elbow flexors pooled together did not differ between young and old adults (age main effect: 
P=0.161, Fig. 9), but the amplitude was greater for the small target-force difference during the 
first third of the contraction (target-force main effect: P=0.013) and increased significantly over 
time (time main effect: P=0.004), from 15.5 ± 9.71 to 20.8 ± 13.0% maximum.  Surface EMG 
amplitude for the antagonist (triceps brachii) was minimal and did not change over time (age X 
time interaction: P=0.680), but was significantly greater for old adults, (8.89 ± 6.11%; age main 
effect: P<0.0001) compared with young adults (5.89 ± 5.01%; Fig. 9).  The coactivation ratios 
did not differ between young (0.60 ± 1.7) and old adults (0.60 ± 0.38; age main effect: P= 0.795), 
between target-force differences (target-force main effect: P=0.124), or from the beginning to the 
end of the task (time main effect: P=0.749). 
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Figure 9.  Changes in amplitude of the surface electromyogram (EMG) recorded from the elbow 
flexors () and extensor (triceps brachii) muscles () from the first to the last third of 
contraction duration, normalized to maximum EMG (% MVC) for young (A) and old adults (B).  
Young data are from Riley et al. (2008).  Surface EMG amplitude for all elbow flexors did not 
differ between young and old adults (age main effect: P=0.161).  Agonist EMG amplitude for the 
old adults (A) did not change from the first one-third (14.8 ± 7.6% maximum) to the last one-
third (17.7 ± 8.5% maximum) of the contraction (total duration: 154.8 ± 122.6 s).  Agonist EMG 
amplitude for the young adults (B) was greater for the large target-force difference during the 
first one-third of the contraction (target-force main effect: P=0.013) and increased significantly 
over time (time main effect: P=0.004), from 15.9 ± 11.0 to 23.0 ± 15.1% maximum.  Surface 
EMG amplitude for triceps brachii was significantly greater for old adults, (8.89 ± 6.11%; age 
main effect: P<0.001) compared with young adults (5.89 ± 5.01%), and did not change over time 
(time main effect: P=0.330) for either age group (age X time interaction: P=0.680).   
 
When the experiment involved a target force that was much less than 10% below 
recruitment threshold force (range: 15.2 – 27.3% MVC), the four motor units from four different 
subjects all discharged repetitively for 60 s following recruitment (Fig. 10A-D).  The time to 
recruitment for the four motor units was 2287, 1005, 1677, and 323 s.  The mean discharge rate 
and coefficient of variation for interspike interval for the first five intervals at recruitment for the 
four motor units were 14.2, 13.0, 14.7, and 15.9 pps, and 10.9, 48.3, 37.4, and 42.4%, 
respectively. 
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Figure 10.  Data from the four sustained contractions held at target forces much lower than 
recruitment threshold force.  Each panel depicts the discriminated action potentials, interference 
electromyogram (EMG), and the vertical force produced by the elbow flexors during these 
contractions.  Despite the substantial difference between the target force and the recruitment 
threshold force for panels A-D (18.9, 24.7, 27.3, and 15.2% MVC, respectively), the unit 
discharged repetitively once recruited. 
 
Discussion 
The purpose of the study was to compare the discharge characteristics of motor units 
recruited during an isometric contraction sustained with the elbow flexor muscles by old adults at 
target forces set lower than the recruitment threshold force of each isolated motor unit.  The main 
finding of this study was that the relative target force did not influence the discharge 
characteristics of motor units at recruitment in old adults.  This finding contrasts with the results 
observed in young adults (Riley et al., 2008).  The results suggest that the integration of synaptic 
input by motor neurons during sustained contractions differs between young and old adults.   
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Discharge characteristics of motor units in old adults 
Motor unit recruitment thresholds extended across a wide range of forces (9.5 – 48.3% 
MVC).  Although not statistically significant (P = 0.08), the recruitment threshold forces tended 
to decrease after the sustained contractions.  As recruitment threshold forces typically decrease 
following a fatiguing contraction (Adam and De Luca 2003; Baudry et al., 2009; Carpentier et 
al., 2001; Enoka et al., 1989; Garland et al., 1994; Suzuki et al., 1990), the protocol used in the 
current study was designed to minimize muscle fatigue.  In addition, there was no difference 
(P=0.489) in MVC forces before (158 ± 64 N) and after (154 ± 53 N) the 60-s sustained 
contractions, consistent with the two tasks involving minimal muscle fatigue. 
The derecruitment threshold forces were lower than the recruitment threshold forces for 
the ramp contractions.  Although a lower derecruitment threshold force has been observed in 
some studies (Baudry et al., 2009; Denier van der Gon et al., 1985; Garland et al., 1994; 
Romaiguère et al., 1993; Suzuki et al., 1990), many have also reported a lower recruitment 
threshold force (De Luca et al., 1982; Freund et al., 1975; Jesunathadas et al., 2010; Milner-
Brown et al., 1973; Patten and Kamen, 2000).  As both ramp contractions involved a gradual 
linear change in force, differences in threshold forces must be accompanied by differences in 
discharge rate to achieve comparable changes in force.  Accordingly, discharge rate at 
derecruitment was lower in the current study as it has been reported in other studies (Christova 
and Kossev 1998; De Luca et al., 1982; Denier van der Gon et al., 1985; Gorassini et al., 2002; 
Oya et al., 2009; Romaiguère et al., 1993).  As lower discharge rates are usually associated with 
higher discharge variability (Barry et al., 2007; Moritz et al., 2005), the coefficient of variation 
for interspike interval in the current study was greater at derecruitment compared with 
recruitment. 
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A decrease in mean discharge rate during a sustained contraction is well documented in 
young adults (Christova and Kossev, 1998; Gantchev et al., 1986; Garland et al., 1994; Gatev et 
al., 1986; Person and Kudina, 1972).  Relatively few studies have recorded motor unit discharge 
rate during sustained contractions performed by old adults and have either indicated no reduction 
in discharge rate for both young and old adults during a sustained submaximal contraction 
(Christie and Kamen, 2009), or similar decline in discharge rate for young and old adults during 
intermittent contractions (Rubinstein and Kamen, 2005).  In agreement with previous findings, 
the mean discharge rate in the current study did not change from the first 20% to the last 20% 
epoch of the ~60-s contraction (P=0.091).   
However, there was a marked decrease in discharge rate variability in the current study 
from 25.2% during the first 20% of the contraction to 10.8% for the remainder of the contraction.  
This result is consistent with previous findings that at relatively low levels of synaptic input (e.g., 
motor unit recruitment) the motor neuron experiences fluctuations in membrane potential 
resulting in variable discharge times (Berg et al., 2007; Berg et al., 2008; Calvin and Stevens, 
1968; Matthews, 1999; 1996; Stein et al., 2005).  Previous studies have reported a rapid 
reduction in discharge rate variability with an increase in contraction intensity (Barry et al., 
2007; Baudry and Enoka, 2009; Moritz et al., 2005), presumably due to a decline in synaptic 
noise at higher levels of synaptic input (Matthews, 1999; 1996), which would occur 
progressively during sustained submaximal contractions (Löscher et al., 1996).  
Age-related differences in motor unit discharge 
The most striking difference between the current results and those obtained from young 
adults (Riley et al., 2008) was the influence of the two target forces on the discharge 
characteristics of motor units in biceps brachii at recruitment.  Old adults exhibited the same 
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discharge characteristics for the two conditions, whereas the motor units recorded in young 
adults discharged repetitively for the small difference and intermittently for the large difference.  
Indirect evidence for an age-associated difference in discharge characteristics at recruitment 
during sustained contractions was suggested previously by the marked depression in bursts of 
activity in the surface EMG recordings from the elbow flexor muscles in old adults compared 
with young during fatiguing contractions that were sustained 20% MVC force (Hunter et al., 
2005). 
The average recruitment threshold force for motor units recorded from old adults in the 
current study was lower than that from young adults of previous studies (Erim et al., 1999; 
Fling et al., 2009; Klass et al., 2005, 2008).  This age-associated difference in the current 
study, however, was attributed to random sampling, as only a small portion of the entire motor 
unit pool could be recorded using selective fine-wire electromyography.  The current study found 
that the biceps brachii motor units of old adults had lower mean discharge rates for the first five 
interspike intervals (~8.4 pps) when compared with young adults (~13.6 pps) at recruitment (Fig 
7A, P=0.001).  Similarly, others have described lower mean discharge rates for old adults (Barry 
et al., 2007; Connelly et al., 1999; Dalton et al., 2010; Kamen and Knight, 2004; Kamen et al., 
1995; Knight and Kamen, 2007; Nelson et al., 1984; Patten et al., 2001), which can be attributed 
to such age-related changes as prolongation of the afterhyperpolarization phase (Piotrkiewicz et 
al., 2007; Rossini et al., 1992) and motor unit twitch contraction times (Bellemare et al., 1983; 
Connelly et al., 1999; Roos et al., 1999).  Unlike young adults, the coefficient of variation for the 
first five interspike intervals did not vary across the two target forces for old adults (Fig. 7B), and 
this may indicate greater levels of synaptic noise at the time of recruitment for the young adults 
(Matthews, 1999). 
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The discharge characteristics at recruitment depend on how the intrinsic properties of the 
motor neurons integrate synaptic input (Kernell, 1965; Schwindt and Calvin, 1972).  Studies 
have shown age-related reductions in the amount of synaptic input received by motor neurons 
from corticomotor (Eisen et al., 1996; Oliviero et al., 2006), brainstem (Johnson et al., 1993), 
and spinal reflex (Boxer et al., 1988; Earles et al., 2001; Kido et al., 2004) pathways.  
Reductions in the number of synaptic inputs from these various pathways may represent 
differences in the strength and the relative balance of excitatory and inhibitory inputs received by 
the motor unit pools of old adults.  Evidence suggests, for example, that changes in the balance 
between excitatory and inhibitory inputs can influence the discharge characteristics of neurons 
(Abbott and Chance, 2005; Berg et al., 2007; Stein, 2010), which may explain the age-associated 
difference in the discharge characteristics of motor units observed in the current study. 
However, the intrinsic properties of motor neurons also differ between young and old 
experimental animals.  For example, motor neurons from old animals exhibit greater input 
resistance (Chase et al., 1985; Kalmar et al., 2009; Morales et al., 1987), reduced rheobase 
current (Kalmar et al., 2009; Morales et al. 1987), and either longer (Cameron et al., 1991; 
Kalmar et al., 2009), or unchanged (Engelhardt et al., 1989; Morales et al., 1987) after-
hyperpolarization duration.  Such parameters can only be estimated with indirect approaches in 
humans, such as the interval death rate analysis of single motor unit interspike intervals 
(Matthews, 1996) or evaluation of the relation between the mean and standard deviation of 
interspike intervals within a train of single motor unit action potentials (Piotrkiewicz et al., 
2007).  Based on the interval death rate analysis technique, which has been validated in animal 
experiments (Powers and Binder, 2000) and used in several human studies (MacDonell et al., 
2008; MacDonell et al., 2010; MacDonell et al., 2007), the after-hyperpolarization duration 
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appears to be prolonged in old adults (Piotrkiewicz et al., 2007).  If such age-associated 
adaptations can be confirmed, it would demonstrate that the intrinsic properties of motor neurons 
could contribute to the difference in discharge characteristics of motor units in young and old 
humans. 
The observation by Riley et al., (2008) that motor units in young adults discharged action 
potentials intermittently when there was a large difference between the target force and 
recruitment threshold force (Fig. 5B) and that mean discharge rate declined over time (Fig. 8C) 
were interpreted to indicate the absence of a significant role for persistent inward currents during 
this task.  In contrast, motor units in old adults discharged repetitively at recruitment for both 
target forces and there was no reduction in mean discharge rate during the 60-s contractions, 
which is consistent with a significant contribution by persistent inward currents to the net 
excitation of the motor neurons.  As the proportion of motor neurons that demonstrate persistent 
inward currents may increase with age (Bae et al., 2008; Kalmar et al., 2009), the different 
discharge characteristics of the two groups of participants may reflect an age-associated change 
in the contribution of persistent inward currents during such tasks.  Nonetheless, the putative 
persistent inward currents were not substantial enough to influence the relative values for 
recruitment and derecruitment thresholds across the two age groups.  Additionally, the relative 
influence of persistent outward currents (Hamm et al., 2010; Turkin et al., 2010) may change 
with age. 
In summary, the discharge characteristics of motor units in the biceps brachii of old 
adults that were recruited during a sustained contraction were not influenced by the difference 
between target force and recruitment threshold force of a motor unit.  This result contrasts with 
previous observations on young adults when the discharge characteristics varied with the force 
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difference (Riley et al., 2008).  In addition, mean discharge rates were lower for the old adults 
and did not vary with time across the contraction.  Taken together, these results suggest that the 
integration of synaptic input during sustained contractions changes with age.  The lack of 
modulation in discharge characteristics for motor units of old adults during the constant-force 
contraction indicates reduced diversity in the output from the spinal cord as a consequence of 
aging.   
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Chapter III 
 
 
Modulation of Ia afferent input to soleus motor neurons when young and old adults 
ascended and descended a step 
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Abstract 
This study was the first to investigate the modulation of presynaptic inhibition of Ia afferents that 
project to the soleus muscle when young and old adults ascended and descended a step.  In the 
young group, three independent measures of presynaptic inhibition were compared.  Test 
Hoffmann (H) reflexes evoked in the soleus were conditioned by a stimulus applied to the 
femoral nerve to assess the ongoing presynaptic inhibition of heteronymous Ia afferents that 
synapse onto soleus motor neurons (heteronymous Ia facilitation), or to the common peroneal 
nerve to assess presynaptic inhibition of homonymous Ia afferents (D1 inhibition).  The reflex 
measurements were made in the right leg while subjects were seated, standing, and at three time 
points during the step up and the step down: 150 ms after the auditory cue to begin the step, 
when the right foot landed, and when the left foot landed.  The amount of heteronymous 
facilitation was depressed while standing (127%), stepping up (113%) and stepping down 
(111%) relative to the seated posture (155%; P values <0.05) suggesting an increase in Ia 
presynaptic inhibition, with the exception of the right foot landing (>136%).  Conversely, the 
amount of D1 inhibition was depressed while standing (81.3%), stepping up (>81%) and 
stepping down (>85%) relative to the seated posture (53.8%; P<0.05) suggesting a decrease in 
the efficacy of the conditioning stimulation due to occlusion associated with strong presynaptic 
inhibition.  Using an unpaired H reflex, while keeping the preceding M-wave amplitude constant 
across conditions, the reflex amplitude was significantly depressed across conditions in young, 
but not in old subjects compared with standing.  Old adults also activated the muscles about the 
ankle to a greater degree than young subjects.  These data indicate that input delivered to the 
motor neurons by Ia afferents in young subjects was depressed at a presynaptic site, presumably 
to prevent unnecessary corrections that could compromise balance.  In contrast, old adults did 
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not modulate the flow of afferent input, but instead activated muscles to a greater degree in order 
to resist possible perturbations.  Presumably the lack of modulation in H-reflex amplitude in 
concert with increased muscle activity about the ankle during stepping actions is a consequence 
of the decline in the capacity of spinal networks to modulate presynaptic inhibition in old 
subjects. 
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Introduction 
Stepping up and down comprise significantly different mechanical and neural demands 
(Andriacchi et al., 1980; Joseph and Watson, 1967; McFadyen and Winter, 1988).  For example, 
the knee extensor muscles are the main force generators when stepping up, whereas both knee 
extensors and ankle plantar flexors are significantly involved when stepping down (McFayden 
and Winter, 1988), and stepping down is associated with larger moments produced about the 
weight-bearing joints than stepping up (Andriacchi et al., 1980).  Furthermore, lower limb 
muscles exhibit greater mean activity during stepping up compared with stepping down 
(McFadyen and Winter, 1988).  
The different neuromechanical demands of the two actions involve unique adjustments in 
Ia afferent input to the motor neurons innervating the plantarflexor muscles (Crenna and Frigo, 
1987; Townsend et al., 1978).  For example, a presynaptic mechanism has been shown to 
depress Ia afferent input during gait, and more so during the swing phase compared with the 
stance phase (Faist et al., 1996; Katz et al., 1988).  The increase in Ia presynaptic inhibition 
likely reduces the risk of unexpected and undesired reflex activity that may compromise balance 
(Diener et al., 1983).  Most experiments that investigate such presynaptic control in humans, 
however, tend to use an indirect method that is applied during isometric tasks in tightly 
controlled environments.  Although a few studies have elicited test and conditioned Hoffmann 
(H) reflexes to assess presynaptic modulation of spinal reflex pathways during gait and while 
stepping on level ground (Faist et al., 1996; Crenna and Frigo, 1987), no study to date has 
attempted to make these measures while subjects stepped up onto or down from a platform.   
 Age-associated differences in performance between young and old women are 
particularly striking when stepping down from a platform (Hortobágyi and DeVita, 2000).  Old 
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women, for example, tended to perform the task with a straighter leg and exhibited greater leg 
stiffness than younger women (Hortobágyi and DeVita, 1999).  Much of the difference in leg 
stiffness between the two groups, which was 64% greater in the old women, was explained by 
coactivation of antagonist muscles in the leg.  On average, EMG amplitude for the 200 ms prior 
to foot contact with the ground was 136% greater for the old women.  Furthermore, coactivation 
of antagonist muscles (biceps femoris and tibialis anterior) during the stance phase was 120% 
greater in the old women compared with the young women.  Hortobágyi and DeVita (2000) 
suggested that old women used the antagonist coactivation strategy to compensate for the 
neuromotor impairments that accompany advancing age. 
The primary purpose of the present study was to compare reflex modulation and 
associated agonist-antagonist coactivation of young and old adults as they stepped up onto and 
down from a platform.  As pilot data indicated that it was not possible to measure heteronymous 
facilitation during stepping in old subjects, likely due to the issues reported by Morita et al. 
(1995), a secondary aim was therefore to compare two independent measures of modulation of Ia 
presynaptic inhibition of soleus Ia afferents with a third technique in a separate group of young 
adults as they stepped up onto and down from a platform.  The intention was to compare the two 
conditioning methods in young subjects to establish the time course of presynaptic modulation of 
Ia afferent input and thereby allow a comparison with old subjects using the less direct method of 
H-reflex modulation between the two age groups. 
  
	   60 
Methods 
After informed consent was obtained, 9 healthy adults (25.1 ± 4.9 yrs, 5 women) participated in 
the first part of the study that focused on a comparison of D1 inhibition and heteronymous 
facilitation techniques during stepping.  Subsequently, 9 young  (24.2 ± 3.2 yrs, 4 women) and 8 
old (76 ± 4.7 years, 4 women) subjects performed the second part of the study to investigate age-
related changes in reflex modulation and coactivation.  The institutional review board at the 
University of Colorado in Boulder approved the protocol and all experiments were conducted in 
accordance with the declaration of Helsinki. 
 
Electromyographic recordings 
Electromyographic (EMG) signals were recorded from soleus, medial gastrocnemius, tibialis 
anterior, vastus lateralis, and biceps femoris with surface electrodes (silver-silver chloride 
electrodes, 8-mm diameter, Coulbourn Instruments, Allentown, PA) attached to the right leg. 
EMG signals were amplified (500–5000x) and band-pass filtered (13–1000 Hz) prior to sampling 
at 2 kHz (Coulbourn Instruments, Allentown, PA) and storage on a computer.   
 
Test H reflexes and conditioned H reflexes 
In the experiments that compared D1 inhibition and heteronymous facilitation as indexes of Ia 
presynaptic inhibition during stepping, test and conditioned reflexes were evoked.  The stimuli 
were elicited by electrical stimulation (Grass S88K, Astra-Med; 1-ms rectangular pulse) of the 
target nerve in the right leg via a constant current unit (Model SIU8T, Astra-Med) that was 
connected to adhesive surface electrodes (Conmed, Utica).  The intensity for the conditioning 
stimuli was expressed relative to motor threshold (MT), which was defined as the lowest 
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stimulus to evoke a discernable twitch in the muscle, as indexed by palpation of the tibialis 
anterior tendon and presence of an M-wave in the tibialis anterior EMG trace.  The tibial nerve 
was stimulated via a cathode placed in the popliteal fossa and an anode located just above the 
patella.  The recruitment curve of H-reflexes and M waves for the soleus muscle was recorded 
and the intensity of the stimulus was adjusted throughout the experiment to keep the amplitude 
of the test H reflex at ~10% of Mmax and on the ascending phase of the H-reflex recruitment 
curve.   
 One set of electrical stimuli was applied to the femoral nerve to condition the H reflex by 
evoking monosynaptic (heteronymous) facilitation of the soleus motor neuron pool (Hultborn et 
al., 1987a,b).  As only the first 0.5 ms of the heteronymous facilitation arises from monosynaptic 
Ia afferent inputs (Hultborn et al., 1987a), the onset of heteronymous Ia facilitation of the soleus 
H reflex in response to the stimulation of the femoral nerve (1.1 x MT) was established by using 
1-ms and then 0.2-ms steps between the test and conditioning stimuli.  The delay was then set 0.2 
ms later for the rest of the experiment to ensure facilitation from heteronymous Ia afferents (Katz 
et al., 1988; Baudry and Enoka, 2009; Baudry et al., 2010).   
 The other set of conditioning stimuli involved applying an electrical stimulus to the 
common peroneal nerve (D1 inhibition) to activate the primary afferent depolarization (PAD) 
interneurons converging on the Ia afferents from the soleus (Mizuno et al., 1972).  The delay 
between the stimuli delivered to the common peroneal nerve (conditioning stimulus) and tibial 
nerve (test stimulus) was set at 20 ms (Hultborn et al., 1989a; Mizuno et al., 1971).  The 
intensity of the conditioning stimulus was set at 1.3 x MT.   
In the second part of the study, H reflexes were evoked in young and old subjects using 
the same approach and equipment described above.  Once recruitment curves had been obtained, 
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an H reflex was identified on the ascending limb of the recruitment curve that was accompanied 
by a preceding M wave.  As submaximal M waves provide an index of stimulus intensity (Turker 
et al., 2005), the stimulus intensity was adjusted across conditions to keep M-wave amplitude 
constant.  With this criterion, any changes in H-reflex amplitude could be attributed to 
presynaptic modulation of Ia afferent input. 
 
Experimental procedures 
Conditioning by heteronymous Ia facilitation and D1 inhibition was used in the first part of the 
study on separate days at least 48 hrs apart.  Subjects were required to step up onto and down 
from a custom-built platform (0.66 m x 0.66 m) set at 10% of body height.  Both actions were 
initiated with the right leg and performed at a self-selected speed with an auditory signal 
indicating when the step should begin from the standing position.  The reflex measurements were 
made when the subject was seated with the right leg fully extended and the hip slightly flexed, 
during quiet standing, and at three time points during stepping: 1) 150 ms after the auditory 
signal; 2) when the right foot was completely in contact with the platform or the floor; and 3) 
when the left foot contacted the platform or the floor, respectively (Fig. 11).  An Mmax and at 
least 20 test H reflexes and 20 conditioned H reflexes were evoked and averaged at each time 
point, resulting in 120 steps up and 120 steps down.  The second part of the study involved the 
same procedures, except that no conditioning stimuli were used. 
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Figure 11. Representative test and conditioned H reflexes during the two stepping actions.  The 
first row illustrates the position of the subject at the time of the stimulation (P = 150 ms after the 
auditory signal; RF = ~1.3 s after the auditory signal when the right foot was placed on the 
platform/floor; and LF = ~1.8 s after the auditory signal when the left foot was placed on the 
platform/floor.  The pairs of traces denote the test and the conditioned H reflexes obtained with 
heteronymous Ia facilitation and the D1-inhibition methods.  Each trace represents the average of 
20 responses for each phase, from 240 steps.   
 
Data analysis 
H-reflex responses were characterized by peak-to-peak amplitude.  Surface EMG signals were 
rectified and averaged (aEMG) over a 100-ms window prior to the stimulation (test H reflex or 
Rest Stand
Po
si
tio
n
0.25 mV
Co
nd
iti
on
ed
H
 re
fle
x
Te
st
H
 re
fle
x
P P RFRF LFLF
150 ms 150 ms 1.3 s1.2 s 1.7 s 1.8 s
10 ms
Stepping Up Stepping Down
Heteronymous Facilitation
D1 Inhibition
0.25 mV
Co
nd
iti
on
ed
H
 re
fle
x
10 ms
Te
st
H
 re
fle
x
	   64 
conditioning stimulation for the D1-inhibition) to measure the level of muscle activity during the 
stepping actions.  Trials in which the subject missed the auditory cue to begin the action or began 
late were not included in the analysis.  However, at least 15 responses were averaged for each 
subject at the five time points during sitting, standing, and stepping. 
 
Statistics 
The normality of all data was first confirmed with the Kolmogorov-Smirnov test.  In the first part 
of the study, the average amplitude of the rectified EMG (aEMG), test H-reflex amplitude 
(normalized to Mmax), test H-reflex latency, test H-reflex duration, and the amount of inhibition 
and facilitation of the conditioned H reflex (% of the test H-reflex amplitude) during the two 
tasks were compared with a 1-way ANOVA (phase of the step) with repeated measures.  When a 
significant main effect was found, Tukey post-hoc tests were used to identify the significant 
differences among the selected means.  Data that were not normally distributed were analyzed 
with nonparametric Friedman ANOVAs and Dunn’s post-hoc tests.  The coefficient of 
determination (r2) extracted from Pearson product-moment correlations was calculated for the 
relation between the size of the test H reflex and those for the conditioned H reflex.   
 In the second part of the study, two-way ANOVAs were used to test variance between 
groups for reflex modulation and EMG amplitude.  When significant main effects or interactions 
were identified, post-hoc independent T-tests with Bonferroni corrections were used to identify 
differences between groups at different phases of the step.  Variation within groups was 
investigated using repeated-measures ANOVAs for H-reflex amplitude and EMG amplitude.  
When significant variation within groups was found, differences between the step phases were 
identified using Tukey-Kramer post hoc tests.  The level of statistical significance was set at P ≤ 
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0.05 for all comparisons.  Values are expressed by mean ± SD in the text and mean ± SEM in the 
figures. 
 
Results 
No changes were observed in aEMG activity of the right leg during the preparation phase (150 
ms after the auditory signal) compared with values obtained when subjects stood quietly 
(P>0.95; Fig. 12).  The greatest aEMG activity in the right leg for the tibialis anterior (P=0.05) 
and biceps femoris (P=0.036) was observed when the right foot contacted the platform during the 
step up, whereas that for soleus, medial gastrocnemius, and vastus lateralis occurred when the 
left foot contacted the platform.  Except for soleus, the time course of the EMG activity differed 
during the step down as the greatest EMG activity was observed either earlier (medial 
gastrocnemius and vastus lateralis) or later (biceps femoris and tibialis anterior) compared with 
the step up.  
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Figure 12. Average rectified EMG for five muscles in the right leg at the three time points during 
stepping up and down.  The average rectified EMG (% of value recorded during quiet standing) 
for soleus (SOL), medial gastrocnemius (MG), tibialis anterior (TA), vastus lateralis (VL), and 
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biceps femoris (BF) in the preparation phase (Prep), at right foot contact (RF), and at left foot 
contact (LF) when stepping up (left panels) and down (right panels).  
 
Comparison of the conditioned responses 
The amplitude of the test H reflex (Fig. 11) did not differ across the different time points when 
stepping up and stepping down for both heteronymous Ia facilitation (P=0.41 and 0.94, 
respectively) and D1 inhibition (P = 0.19 and 0.43, respectively).  The amplitude of Mmax did not 
change when stepping up (ANOVA, P = 0.25; range: 5.8 - 7.4 mV) and stepping down 
(ANOVA, P = 0.07; range: 6.0 - 6.4 mV) during the heteronymous facilitation session, and 
similarly when stepping up (ANOVA, P = 0.88; range: 6.0- 6.4 mV) and stepping down (P=0.51; 
range: 5.7 - 7.2 mV) during the D1-inhibition session.  Moreover, there were no significant 
(P=0.05) associations between the amplitude of the test H reflex and the amount of 
heteronymous facilitation or D1 inhibition when stepping up (r=0.13 and 0.017, respectively) or 
stepping down (r=0.32 and 0.09, respectively).   
In 11 and 8 experiments out of 16 experiments for the step up and step down, 
respectively, a small M wave preceded the test H reflex in the seated condition.  Due to the 
criterion of keeping the amplitude of the test H reflex constant across the stepping actions, the 
small M wave increased when stepping up for the right and left foot contact phases (P<0.01), and 
when standing, during the preparation phase, and at right and left foot contact when stepping 
down (P<0.05) due to an increase in the stimulus intensity (Fig. 13).  When a preceding M wave 
was not observed in the seated posture (6 and 7 experiments when stepping up and down, 
respectively), it appeared during the phases of the stepping tasks as the intensity of the 
stimulation was usually increased.   
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Figure 13. Changes in the amplitude of the M wave preceding the H reflex across the different 
experimental conditions.  The amplitude of the M wave (% Mmax; means ± SE) that preceded the 
test H reflex when stepping up (n = 11, left panel) and stepping down (n = 8, right panel).  
Recordings were obtained from the right leg while the subjects were seated (Rest) and standing 
(Stand), and in the preparation phase (Prep), at right foot contact (RF), and left foot contact (LF) 
when stepping up (left panel) and stepping down (right panel).  * P<0.05; ** P<0.01 compared 
with sitting. 
 
Heteronymous Ia facilitation  
The inter stimulus interval used for heteronymous facilitation was -5.9 ± -0.25 ms (range: -6.4 to 
-5.6 ms).  When seated, the amplitude of the conditioned H reflex was 155 ± 25.9% of the test H 
reflex, and decreased significantly when stepping up (ANOVA, P<0.001; Fig. 14) and stepping 
down (ANOVA, P<0.01, n=7), except at right foot contact.  There were no significant 
differences at each time point in the amplitude of the conditioned H reflex between standing and 
stepping for either the step up or step down (P=0.26).   
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The amplitude of the H reflex conditioned with the D1-inhibition method was least (53.8 ± 
13.2% of the test H reflex) when the subjects were seated, but increased (Fig. 14) when standing, 
stepping up (P<0.01, n=9), and stepping down (P<0.05, n=7).  The amplitude of the conditioned 
H reflex did not differ between standing and the different time points when stepping up and 
down (P>0.76).  
 
 
Figure 14. Modulation of heteronymous Ia facilitation and D1 inhibition during sitting, standing, 
and stepping.  The amplitude of the conditioned H reflex (% test H reflex; means ± SE) for the 
heteronymous Ia facilitation (top panels) and D1 inhibition (bottom panels) in the right leg when 
sitting (Rest), standing (Stand), in the preparation phase (Prep), at right foot contact (RF), and at 
left foot contact (LF) when stepping up (n = 9; left panel) and when stepping down (n = 7, right 
panel).  * P<0.05; ** P<0.01; *** P<0.001 compared with sitting.  
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The changes in the amplitude of the test and conditioned H reflexes were not correlated 
with changes in EMG activity of any leg muscle for either conditioning method or stepping 
action.  
Comparison of young and old subjects  
There were significant differences in EMG activity between the two groups of subjects when 
stepping up onto the platform.  Significant main effects were found for age (P<0.001) and phase 
of the step (P<0.001) in soleus EMG and a significant interaction between age and phase of the 
step (P=0.003).  Post hoc independent T-tests showed a significant difference between young and 
old adults when the right leg contacted the platform (P<0.001).  Repeated-measures ANOVA 
indicated significant variation among means for both young (P<0.001) and old subjects 
(P<0.001) in soleus when stepping up onto the platform.  Post hoc Tukey-Kramer tests indicated 
significant differences in soleus EMG amplitude in each group between different phases of the 
task (Fig. 15).  
 There was no significant main effect for age in tibialis anterior EMG during stepping up, 
but a significant main effect was found for the phase of the step (P<0.001) with a significant 
interaction between age and phase (P=0.008).  Repeated-measures ANOVAs showed significant 
changes in tibialis anterior EMG during the different phases of the step in both young (P<0.001) 
and old age groups (P<0.001).  
 Significant main effects were found in medial gastrocnemius EMG amplitude for age 
(P<0.001) and phase of the step (P<0.001) during stepping up, as well as a significant interaction 
between age and phase of the step (P<0.001).  Post hoc independent T-tests showed a significant 
difference between young and old when the right leg contacted the platform (P<0.001) and when 
the left leg contacted the platform (P=0.0239).  Repeated-measures ANOVAs showed significant 
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changes in medial gastrocnemius EMG amplitude during the different phases of the step in both 
young (P<0.001) and old age groups (P<0.001).  Post hoc Tukey-Kramer tests indicated 
significant differences in medial gastrocnemius EMG amplitude in each group between different 
phases of the task (Fig. 15). 
 
	   72  
	   73 
Figure 15. Average rectified EMG for three muscles in the right leg at the three time points 
during stepping up and down in young and old adults.  The data for old adults are indicated with 
filled symbols and those for young adults with open symbols.  The average rectified EMG (% of 
value recorded during quiet standing) for soleus (SOL), medial gastrocnemius (MG), and tibialis 
anterior (TA) in the preparation phase (Prep), at right foot contact (RF), and at left foot contact 
(LF) when stepping up (left panels) and down (right panels).  With the exception of EMG 
amplitude for old adults during stepping up, EMG amplitude at RF and LF was significantly 
greater than that at Prep for all three muscles in both groups of subjects when stepping up an 
down.  * P<0.05 between young and old adults.   
 
Similarly, there were significant differences in EMG activity between the two groups of 
participants when stepping down from the platform.  Significant main effects were found for age 
(P=0.002) and phase of the step (P<0.001) in soleus EMG and a significant interaction between 
age and phase of the step (P=0.003).  Post hoc independent T-tests showed a significant 
difference between young and old when the right leg made contact with the floor (P=0.004).  
Repeated-measures ANOVA indicated significant variation among means for both young 
(P<0.001) and old subjects (P<0.001) in soleus EMG amplitude when stepping down from the 
platform.  Post-hoc Tukey-Kramer tests indicated significant differences in soleus EMG 
amplitude within each group between different phases of the task (Fig. 15).  
 Significant main effects were also found in tibialis anterior EMG amplitude for age 
(P<0.001) and phase of the step (P<0.001), as well as a significant interaction between age and 
phase of the step (P<0.003).  Post hoc independent T-tests showed a significant difference 
between young and old when the right leg contacted the floor (P=0.002) and when the left leg 
contacted the floor (P=0.054).   Repeated-measures ANOVAs showed significant changes in 
tibialis anterior EMG amplitude during the different phases of the step down in both young 
(P<0.001) and old age groups (P<0.001).  Post hoc Tukey-Kramer tests indicated significant 
differences in tibialis anterior EMG amplitude within each group between different phases of the 
task (Fig. 15). 
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 Significant main effects were found in medial gastrocnemius EMG amplitude for age 
(P<0.015) and phase of the step (P<0.001), but there was no significant interaction between age 
and phase of the step (P=0.118).  Repeated-measures ANOVAs showed significant change in 
medial gastrocnemius EMG amplitude during the different phases of the step in both young 
(P<0.001) and old age groups (P<0.001).  Post hoc Tukey-Kramer tests indicated significant 
differences in medial gastrocnemius EMG amplitude within each group between different phases 
of the task (Fig. 15). 
 
Reflex Modulation 
When stepping up onto the platform, a significant main effect in H-reflex amplitude (Fig. 16) 
was found for age (P<0.001), but not for phase of the step (P=0.407).  However, there was a 
significant interaction between age and phase of the step up (P=0.042).  Post hoc independent T-
tests showed a significant difference between young and old during the preparation phase 
(P=0.0103) and when the right leg contacted the platform (P=0.001), but not when the left foot 
made contact with the platform (P=0.266).  Repeated-measures ANOVA showed there was no 
significant modulation of H-reflex amplitude in old subjects when stepping up onto the platform 
(P=0.058).  However, there was significant modulation in young subjects (P=0.043) across the 
step and relative to standing values, and post hoc Tukey-Kramer tests indicated significant 
differences in H-reflex amplitude between the right- and left-foot contact phases of the step.  
When stepping down from the platform, a significant main effect in H-reflex amplitude 
(Fig. 16) was found for age (P<0.001), but not for phase of the step (P=0.407), and there was 
also no significant interaction between age and phase of the step (P=0.678).  Post hoc 
independent T-tests showed a significant difference between young and old during the when the 
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right leg contacted the floor (P=0.005), and when the left foot made contact with the floor 
(P=0.020).  Repeated-measures ANOVA showed that there was no significant modulation of H 
reflex amplitude in either young (P=0.204) or old subjects (P=0.016) when stepping down from 
the platform (P=0.058).  All values in young subjects were significantly depressed compared 
with standing values (P<0.001). 
 
 
 
Figure 16.  Modulation of H-reflex amplitude during stepping in old and young subjects.  The 
amplitude of the H reflex (% standing value) in the soleus of the right leg during the preparation 
phase (Prep), at right foot contact (RF), and at left foot contact (LF) when stepping up (left 
panel) and when stepping down (right panel).  * P<0.05 between old and young adults, † P<0.05 
relative to standing for the young and old adults, ** P<0.05 between RF and LF for young 
adults.   
 
Discussion 
The main focus of the current study was to compare the modulation of H-reflex amplitude as 
young and old subjects stepped up and down from a platform set at 10% body height.  The 
primary pathway of interest was presynaptic inhibition, which can be probed using two 
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techniques, but unfortunately it is not always possible to make these types of recordings in old 
adults (Morita et al., 1995).  Pilot data indicated that it was not possible to elicit reliable 
conditioned H reflexes in old subjects, particularly with heteronymous facilitation.  
Consequently the approach adopted to investigate presynaptic inhibition during stepping was to 
use D1 inhibition and heteronymous facilitation in young subjects only.  Subsequently, Ia 
presynaptic inhibition was investigated in old adults (with a control young group) during 
stepping with an unpaired H reflex approach that makes it possible to attribute most changes in 
H-reflex amplitude to presynaptic inhibition of Ia afferents (Burke et al., 1984).   
The original finding of this study was the depression of heteronymous facilitation and D1 
inhibition of soleus Ia afferents when young adults both ascended or descended a step.  H-reflex 
amplitude in old subjects, however, was not modulated during the step and old adults used 
greater amounts of EMG activity in agonist and antagonist muscles during the stepping actions.  
These results suggest that the central nervous system of young adults reduces the input of Ia 
afferents onto motor neurons at a presynaptic level when stepping up onto or down from a 
platform.  Such a strategy would limit the risk of peripheral feedback causing unexpected 
changes in the drive to the motor neuron pool that could compromise balance.  In contrast, old 
adults relied less on afferent feedback and more on coactivation of agonist and antagonist 
muscles to accommodate unexpected disturbances in the stepping actions.  
 
Test H reflex  
The sensitivity of the conditioned H reflex to facilitation and inhibition varies with the amplitude 
of the test H reflex (Crone et al., 1990), but limb movement may alter the effectiveness of the 
electrical stimulation (Tucker et al., 2005).  Therefore, the amplitude of the test H reflex was 
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kept constant across movements by adjusting the intensity of the test stimulus when standing and 
stepping compared with the seated condition.  This approach required increasing the intensity of 
the stimulation as indicated by the increase in the amplitude of the M wave preceding the H 
reflex.  The increase in M-wave amplitude while keeping the H-reflex amplitude constant 
indicates a decrease in the responsiveness of the group I afferent spinal loop when standing and 
stepping, which can be partly attributed to presynaptic inhibition and also to oligosynaptic inputs 
and post-synaptic mechanisms (Burke et al., 1984). 
Presynaptic origin of H-reflex depression   
Despite the presynaptic inhibition of homonymous and heteronymous Ia terminals to a given 
motor neuron pool being modulated in parallel (Meunier et al., 1989), the amplitude of the H 
reflex conditioned by D1 inhibition increased when standing and stepping, whereas 
heteronymous facilitation decreased (Fig. 14).  Similar contradictory results have been observed 
during the gait cycle (Faist et al., 1996) and may be explained by an occlusion of the PAD 
interneurons due to high levels of ongoing input saturating the interneurons and reducing the 
response to a conditioning stimulus (Gossard and Rossignol, 1990).  For example, Faist et al., 
(1996) observed a decrease in D1 inhibition during standing without back support even though Ia 
presynaptic inhibition was increased in this posture, as assessed with single motor unit 
recordings (Katz et al., 1988) and heteronymous Ia facilitation (Faist et al., 1996).  However, it is 
not obvious why the amplitude of the D1-conditioned H reflex would change across conditions 
in the current study if the PAD network was saturated by other inputs.   
Furthermore, heteronymous facilitation of the conditioned H reflex was significantly 
greater when the right foot contacted the platform or floor compared with the other two phases of 
the stepping actions.  The moment of right-foot contact when stepping down coincided with the 
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greatest amount of quadriceps EMG amplitude.  However, it is not clear why such a large 
facilitation occurred when stepping up.  It seems likely that, as the pathway between quadriceps 
and soleus was already highly active at this point due to large amounts of activity in vastus 
lateralis, the influence of the conditioning stimulus was amplified resulting in an exaggerated 
facilitation of the conditioned reflex.  It seems necessary, therefore, to consider the activity of the 
heteronymous muscle when using this type of conditioning stimulus and questions the validity of 
determining motor threshold when the subject is at rest due to the influence of activity on the 
size of a conditioned response.   
Nonetheless, the concurrent depression of D1 inhibition and decrease in heteronymous 
reflex facilitation (except for right-foot contact) suggests an increase in Ia presynaptic inhibition 
of the homonymous and heteronymous pathways during the stepping actions.  Furthermore, the 
absence of an association between background EMG activity with the test and conditioned H-
reflex amplitudes suggests the Ia presynaptic inhibition was mainly modulated by supraspinal 
centers (Meunier and Pierrot-Deseilligny, 1989).  In contrast with most phases of the stepping 
tasks, there was no significant reduction in reflex facilitation at right foot contact in the absence 
of a similar change in D1 inhibition.  One possible explanation is that Ia presynaptic inhibition is 
controlled so that it may selectively facilitate Ia inputs between muscles acting as synergists 
(soleus and quadriceps) when required.  For example, both knee extensor and ankle plantarflexor 
muscles have to produce power at right foot contact during the step up (McFadyen and Winter, 
1988), whereas these muscles have to absorb power during the step down (Andriacchi et al., 
1980).    
The observation that presynaptic inhibition of Ia afferents did not differ during standing 
and stepping is consistent with previous work reporting an absence of a significant difference in 
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the amount of Ia presynaptic inhibition between standing and walking (Faist et al., 1996) and 
extends this finding to stepping actions.  Moreover, the general increase relative to rest in Ia 
presynaptic inhibition during the step up and step down is consistent with its overall increase 
observed during the gait cycle (Faist et al., 1996).  In contrast to our expectations, modulation of 
Ia presynaptic inhibition did not differ between the two stepping directions, despite differences in 
neural and mechanical demands between the two tasks (Andriacchi et al., 1980; Joseph and 
Watson, 1967; McFadyen and Winter, 1988).  Observations on the modulation of Ia presynaptic 
inhibition during the gait cycle (Capaday and Stein, 1986; Faist et al., 1996), for example, 
indicate that Ia presynaptic inhibition should be greater during the swing phase compared with 
the contact phase.  Moreover, Andriacchi and co-workers (1980) found that the neural and 
mechanical demands change if ascending or descending from one step to another compared with 
from one step to the top step or to the floor.  Clearly modulation of Ia afferent input is highly 
dependent on the specific requirements of the task. 
Changes with Age 
In the second part of this study, differences in muscle activation and modulation of H reflex were 
compared between young and old subjects.  Due to technical challenges associated with 
concurrent application of D1 inhibition and heteronymous facilitation techniques (Morita et al., 
1995), the approach was modified to study the modulation of spinal reflex pathways in old adults 
during the two stepping actions.  Instead of using a conditioning stimulus to estimate the level of 
Ia presynaptic inhibition, stimulus intensity was manipulated to elicit an M wave before the H 
reflex on the ascending limb of the recruitment curve.  By adjusting stimulus intensity to keep 
the M-wave amplitude constant across conditions, changes in H-reflex amplitude could then be 
attributed to changes occurring in spinal pathways (Turker et al., 2005). 
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 When stepping up onto the platform there were significant differences between young 
and old groups in soleus and medial gastrocnemius EMG amplitude, but not for tibialis anterior.  
When stepping down from the platform, EMG amplitude in soleus, medial gastrocnemius, and 
tibialis anterior was greater for old adults than young adults.  Consistent with the findings of 
Hortobágyi and DeVita (1999) on EMG activity in old subjects when stepping down from a 
platform and others who have investigated other muscle groups (Patten and Kamen, 2000; 
Izquidero et al., 1999; Laughton et al., 2003; Macluso et al., 2002), old adults engaged greater 
levels of muscle activity to stiffen the leg to resist perturbations, presumably due to a reduced 
ability make corrective responses via afferent feedback (Baudry et al., 2010).  The interpretation 
of these data are consistent with the hypothesis that old adults favor a strategy of feedforward 
control rather than relying on afferent feedback to produce rapid response as preferred by 
younger adults.  
 In the relatively simpler approach to compare H-reflex modulation between young and 
old subjects, the data for the young subjects are consistent with the results obtained with the 
conditioned H-reflex approach for young subjects.  As indicated in Figures 14 and 16, all three 
methods used to estimate Ia presynaptic inhibition during stepping indicate that the level of 
presynaptic inhibition was greater relative to that recorded in standing.  Based on this 
concordance with the three methods, the data in Figure 16 indicate that old adults exhibited less 
depression of H-reflex amplitude relative to standing than young adults and did not modulate the 
amplitude across the different phases when stepping up onto the platform.  Furthermore, H-reflex 
amplitude for young subjects was significantly different in every phase of stepping up and down 
relative to the values obtained during quiet standing , whereas for the old subjects it was only 
significantly different during the preparation phase of stepping down.  Although the data for the 
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young subjects appears to be consistent with the conditioned responses obtained with the D1 
inhibition and heteronymous facilitation methods, which suggests that the results obtained with 
the unconditioned H reflex can be used as an index of Ia presynaptic inhibition for the old 
subjects, the approach can be confounded by contributions from oligosynaptic pathways and 
postsynaptic mechanisms (Burke et al., 1984). 
   The modulation of Ia afferent input likely comprises a strategy whereby the feedback is 
preferentially reduced at the spinal level without influencing the feedback to supraspinal centers 
(Rudomin and Schmidt, 1999).  This strategy would minimize the discordance between sensory 
and descending inputs that might compromise balance (McIllroy et al., 2003).  A decline in the 
capacity to modulate Ia afferent input by the PAD network, as suggested for old adults (Butchart 
et al., 1993) and individuals with multiple sclerosis (Nielsen et al., 1995), would therefore impair 
the ability of these individuals to perform stepping actions.  
Conclusions 
The present data indicate an increase in presynaptic inhibition of Ia afferents when stepping up 
onto and down from a platform in young subjects using three independent techniques.  This 
modulation presumably limits the direct input of Ia afferents to the soleus motor neurons during 
the stepping actions.  Old subjects exhibited less modulation of Ia presynaptic inhibition 
accompanied by increased muscle coactivation.  Presumably, the lack of modulation in H-reflex 
amplitude in concert with increased muscle activity about the ankle during stepping actions is 
either a consequence of the decline in the capacity of the PAD interneurons to modulate Ia 
presynaptic inhibition in old subjects or a deliberate strategy employed by old subjects.  
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Chapter IV 
 
 
Capacity of young, middle-aged and old subjects to improve performance during a 
cocontraction task by modulating Ia presynaptic inhibition. 
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Abstract 
This study compared the changes in steadiness and the modulation of presynaptic inhibition of 
soleus Ia afferents in young, middle-aged, and old adults before and after a single session of 
practicing a cocontraction task.  There were no differences in steadiness between groups during 
an initial cocontraction (P=0.713).  There was no difference in the maximal voluntary contraction 
force in plantarflexors between young and middle-aged subjects (P<0.05), however maximal 
voluntary contraction force was significantly lower for old subjects (P<0.05).  Younger subjects 
had a greater Hmax/Mmax ratio than middle-aged subjects (P<0.05) and old subjects (P<0.001), 
whereas middle-aged and old adults were not significantly different. The main finding of the 
study was that young people were able to improve steadiness by ~19% (P<0.001) during a 
cocontraction task after 50 min of practice, whereas there was no change for the middle-aged 
adults, and old adults became less steady by ~15% (P<0.05).  The improvement in steadiness by 
young adults was accompanied by a significant reduction in the amount of Ia presynaptic 
inhibition as indexed by D1 inhibition (P<0.01).  Conversely, neither of the other two groups 
exhibited any change in Ia presynaptic inhibition after practicing the cocontraction task.  As 
there were was no difference in strength between young and middle-aged subjects, the findings 
of the current study suggest that the decline in neural function may precede the age-associated 
loss of muscle mass and strength often referred to as sarcopenia. 
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Introduction 
Old adults tend to perform motor tasks with a greater amount of concurrent agonist and 
antagonist activation compared with their younger counterparts, yet the underlying reasons for 
the increased coactivation in the elderly are still to be identified (Hortobágyi and DeVita, 2006).  
Agonist-antagonist coactivation that is greater than mechanically necessary to perform a task is 
typically considered undesirable, as it increases the energetic cost of performing muscular work 
(Granata et al., 2004), requires activation of larger motor units to complete a task (Brown and 
McGill, 2008) and impairs neuromuscular performance, especially in an elderly population 
(Reeves et al., 2009; Reeves et al., 2008).  When performing submaximal isometric contractions, 
for example, old adults opt for a strategy of coactivation to accommodate changes in task 
demands, whereas young adults tend to rely on a strategy of modulating afferent feedback 
(Baudry et al., 2010).  It is unclear whether or not this preference for coactivation in the elderly 
during such tasks is due to a decline in the function of the pathways that adjust afferent input.  
The extent to which old adults retain the capacity to modulate afferent input across task 
conditions remains uncertain. 
In young subjects, performance of a steady cocontraction task can be improved by 
modulating afferent input.  Perez and colleagues (2007) showed that young adults are able to 
improve steadiness after 50 min of practicing a task that involved performing a steady 
submaximal contraction by deliberately contracting the plantarflexor and dorsiflexor muscles 
concurrently.  Fluctuations in torque exerted by the foot decreased across the practice session, 
indicating an improvement in steadiness after practicing the task.  Improved steadiness was 
accompanied by a decrease in the amplitude of the soleus H reflex, which was attributed to an 
increase in the amount of Ia presynaptic inhibition during the cocontraction task.  Improvements 
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in steadiness, therefore, were associated with modulation of afferent input that occurred during 
the practice contractions. 
The aim of the current study was to compare whether middle-aged and old subjects could 
improve performance on a steady cocontraction task following 50 minutes of practice as has 
been shown in young subjects.  The outcome of this approach can inform us about the extent to 
which old adults retain the capacity to modulate afferent input.  The approach was based on that 
of Perez et al. (2007) and compared the changes in steadiness and the modulation of presynaptic 
inhibition of soleus Ia afferents in young, middle-aged, and old adults before and after a single 
session of practicing a cocontraction task.   
 
Methods 
Eleven young (24.5 ± 3 yrs, 6 women), 9 middle-aged (52.3 ± 8 yrs, 3 women) and 9 old adults 
(78.2 ± 4 yrs, 5 women) volunteered to participate in the study after informed consent was 
obtained.  The study conformed to the declaration of Helsinki and was approved by the 
institutional review board at the University of Colorado Boulder.  
Experimental Setup 
Subjects were comfortably seated and reclined in a custom built plantarflexion ergometer with 
hip, knee and ankle joints set to 120, 160 and 110° respectively.  The foot was securely attached 
to a pedal connected to a tri-axial strain gauge force transducer (JR-3, Woodland, CA).   
Electromyographic Recordings 
Electromyographic (EMG) signals were recorded from soleus, medial gastrocnemius and tibialis 
anterior with surface electrodes (silver-silver chloride electrodes, 8-mm diameter, Coulbourn 
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Instruments, Allentown, PA) attached to the right leg and placed according to SENIAM 
recommendations (Hermens et al., 1999).  EMG signals were amplified (500–5000x) and band-
pass filtered (13–1000 Hz) prior to sampling at 2 kHz (Coulbourn Instruments, Allentown, PA) 
and storage on a computer.  EMG data were normalized to values obtained during maximal 
voluntary contractions. 
Maximal voluntary contractions 
Maximal voluntary contractions (MVCs) with the plantarflexors involved subjects gradually 
increasing force from zero to a maximum over 3 s and maintaining this force for ~3 s.  Subjects 
were instructed to ensure that they were plantarflexing about the ankle rather than extending the 
knee.  At least 2 trials were performed with ≥90 s of rest between successive trials.  Once two 
peak forces within 5% were obtained, the greater value was taken as maximum and used as a 
reference for submaximal contractions.  A single dorsiflexion MVC was performed to determine 
maximal EMG amplitude for tibialis anterior.   
Test H reflexes and conditioned H reflexes 
Stimuli were elicited by electrical stimulation (Grass S88K, Astra-Med; 1-ms rectangular pulse) 
of the target nerve in the right leg via a constant current unit (Model SIU8T, Astra-Med) that was 
connected to adhesive surface electrodes (Conmed, Utica).  The intensity for the conditioning 
stimuli was expressed relative to motor threshold (MT), which was defined as the lowest 
stimulus to evoke a discernable twitch in the muscle and indexed by palpation of the tibialis 
anterior tendon and presence of an M-wave in the tibialis anterior EMG trace.   
The tibial nerve was stimulated by placing the cathode in the popliteal fossa and the 
anode just above the patella.  The recruitment curves for Hoffmann (H) reflex and M wave in the 
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soleus muscle were recorded and the intensity of the stimulus was adjusted throughout the 
experiment to keep the amplitude of the test H reflex constant.  Care was taken to ensure that the 
test H reflex was on the ascending limb of the H-reflex recruitment curve and the initial value 
kept between 10-20% of Mmax, whenever possible an H reflex with a preceding M wave was 
selected as the reference value for the test H reflex.   
 The test H reflex was conditioned by an electrical stimulus applied to the common 
peroneal nerve (D1 inhibition) to activate the primary afferent depolarization (PAD) interneurons 
converging on the Ia afferents from the soleus.  The delay between the stimuli delivered to the 
common peroneal (conditioning stimulus) and tibial (test stimulus) nerves was set at ~20 ms, 
with the precise delay optimized for each subject (Hultborn et al. 1989; Mizuno et al. 1971).  
The intensity of the conditioning stimulus was set at 1.3 x MT.   
 Test and conditioned reflexes were obtained in blocks of 10.  As the stimulus intensity 
had to be adjusted across conditions to ensure the consistent amplitude of the test reflex, the first 
block of 10 reflexes was always test H reflexes.  The second block of 10 test H reflexes and two 
blocks of conditioned H reflexes were delivered in a counterbalanced order.  Twenty test and 20 
conditioned reflexes were obtained across four conditions: rest, plantarflexion at 10% MVC, pre-
practice cocontraction and post practice cocontraction. 
Coactivation and cocontraction  
Although the terms coactivation and cocontraction are often used interchangeably in the 
literature, a subtle but important distinction was used in the current study.  Coactivation is 
defined as the concurrent activation of agonist, antagonist and accessory muscles that occurs as a 
consequence of performing a voluntary motor task (Hortobágyi and DeVita, 2006), whereas 
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cocontraction is defined as the deliberate voluntary activation of both agonist and antagonist 
muscles as prescribed for a task (Nielsen, 1998).  
Cocontraction trials required subjects to maintain a plantarflexion force of 10% MVC for 
several seconds and then to reduce the to zero without reducing soleus EMG amplitude. This was 
accomplished by concontracting tibialis anterior so that soleus and tibialis anterior produced 
equal and opposite torques.  Subjects received visual feedback during the cocontraction trials of 
the force exerted by the foot and the rectified and integrated (time constant 120 ms) soleus EMG 
activity, as well as verbal feedback of soleus EMG activity.  Subjects were instructed to match 
the force line without a reduction in soleus EMG amplitude. 
 
 
 
Figure 17.  Representative trace showing cocontraction.  The subjects produces a plantarflexion 
torque equivalent to 10% MVC, force is indicated in the top trace.  The subject was instructed to 
bring the force back to the zero line without reducing the amplitude of the soleus EMG, indicated 
in the lower trace.  The decrease in force, without decreasing soleus EMG activity, is 
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accomplished by cocontracting the antagonist muscle (tibialis anterior), which is indicated in the 
middle trace. 
 
Once baseline measures of cocontraction had been made, subjects performed a 50-min 
practice session that comprised ten 3-min sets of contractions with 2 min of rest in between 
contractions.  Steadiness was quantified as the coefficient of variation for force, which was 
calculated as 10% MVC divided by the SD for force during a 15-s window in the first 30 s of 
each cocontraction trial.  EMG activity for soleus, medial gastrocnemius, and tibialis anterior 
values were also measured during this window.  The 15-s window selected for analysis included 
no major deviations in the exerted force away from the target force.  
Experimental Procedure 
Recording electrodes were attached over soleus, medial gastrocnemius and tibialis anterior and 
stimulating locations identified over the tibial and peroneal nerves.  Subjects were instructed to 
perform plantarflexion and dorsiflexion MVCs.  H and M recruitment curves were then 
determined for each subject and the conditioning stimulus was set, once a suitable test H reflex 
had been identified.  Twenty test and 20 conditioned H reflexes were then evoked at rest 
followed by 20 test and 20 conditioned H reflexes as subjects held a plantarflexion contraction at 
10% MVC force.  Subjects were then asked to perform a cocontraction trial and to maintain the 
zero net force for 3 min.  After a brief rest period, subjects performed a second cocontraction 
trial and 20 test and 20 conditioned H reflexes were obtained.  Subjects then practiced the 
cocontraction task for 50 min by performing ten 3-min cocontractions with 2 min of rest between 
cocontractions.  After the practice trials, subjects repeated the two initial cocontraction trials, in a 
counterbalanced order, without and with the 20 test and 20 conditioned reflexes.  Subjects 
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reported ratings of perceived exertion (0-10) half way through the pre and-post cocontraction 
trials.   
 
Figure 18. Schematic of the experimental setup, with the experimental protocol indicated at the 
bottom of the figure. 
 
Data Analysis 
Reflexes obtained during recruitment curves, test and conditioned H-reflexes, and M-wave 
responses were characterized by peak-to-peak amplitudes.  Surface EMG recordings were 
normalized to values obtained during MVCs.  Steadiness during cocontraction trials was 
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calculated as the coefficient of variation for force measured over a 15-s window during the first 
30 s of cocontraction trials. 
Statistical Approach 
After confirming the normality of the data with the Kolmogorov-Smirnov test, one-way 
ANOVAs were performed to compare the means between the three age groups.  When 
significant differences were found, Tukey-Kramer post-hoc tests were performed to identify the 
differences between groups.  Variation in the means within groups was investigated using 
repeated-measures ANOVAs.  Two-tailed paired-sample t-tests were used to investigate pre- and 
post-practice differences within groups.  The level of statistical significance was set at P ≤ 0.05 
for all comparisons.  Values are expressed by mean ± SD in the text and mean ± SEM in the 
figures. 
Results 
A one-way ANOVA indicated that mean plantarflexion MVC force differed among groups 
(P=0.014).  Tukey-Kramer post-hoc tests found no significant differences in initial MVC force 
between young (122 ± 29.8 N) and middle aged subjects (127 ± 30.8 N), but significantly less 
force for the old group (80.5 ± 44.1 N) than both the young (P<0.05) and middle-aged groups 
(P<0.05).   
Following 50 min of cocontraction practice, plantarflexion MVC force for the young 
subjects declined by ~6% (115 ± 37.0 N), which a two-tailed paired t-test indicated as not 
statistically significant.  However, MVC force declined by ~17% (105 ± 29.7 N) for the middle-
aged group (P=0.007) and by ~20% (59.4 ± 26.1 N) for the old group (P=0.018). 
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Figure 19.  Plantarflexion MVC forces for young, middle-aged and old subjects before and after 
50 minutes of cocontraction practice.  There were differences between young and middle-aged 
subjects during the initial MVC trial, both young and middle-aged were stronger than old 
subjects.  Following practice, there was no decline in the force capacity of plantarflexors in 
young, whereas MVC force declined in both middle aged and old subjects. * P<0.05, ** P<0.01. 
 
 
Recruitment Curves 
H and M recruitment curves were obtained for all subjects.  Mmax was 5.18 ± 1.4 V for 
young subjects, 5.25 ± 1.7 V for middle-age subjects and 5.43 ± 2.4 V in old subjects.  There 
were no significant differences across age groups (one-way ANOVA, P=0.954).   
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A one-way ANOVA showed significant variation among age-group means for Hmax/Mmax 
ratios (P<0.001).  Post-hoc Tukey-Kramer tests indicated that the Hmax/Mmax ratio for young 
subjects (0.46 ± 0.1) was significantly greater than those for the middle-aged (0.30 ± 0.13, 
P<0.05) and old groups (0.22 ± 0.13, P<0.001).  Hmax/Mmax ratios in the middle-aged group were 
not significantly different than those for the old group (P>0.05).  
 
Figure 20.  Hmax/M/max ratios in young, middle-aged and old subjects obtained from recruitment 
curves.  Younger subjects had a significantly greater ratio than both middle-aged and old groups.  
*P<0.05, P<0.001. 
 
Test H Reflexes 
 The small M-wave that precedes the H reflex can be used as an index of stimulus 
intensity required to maintain a constant test H-reflex amplitude across conditions.  Repeated-
measures ANOVAs indicated that M-wave amplitude differed across conditions for young 
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subjects (P<0.001).  Post-hoc Tukey-Kramer tests showed significant differences between rest 
(2.80 ± 3.5 % Mmax) and the cocontraction trials after practice (12.6 ± 9.7, P<0.001), 
between10% MVC plantarflexion (3.21 ± 3.2 % Mmax) and the cocontraction trials after practice 
(P<0.001), and between the cocontraction trials before practice (5.77 ± 6.8 % Mmax) and those 
after practice (P<0.05).  However, there were no significant changes in M wave amplitude across 
conditions for middle-aged (P=0.807) or old subjects (P=0.240).  
 
Figure 21.  Amplitude of the M wave in soleus that preceded the H reflex.  In young subjects, 
there was significant variation across the different phases of the task; at rest, during 
plantarflexion at 10% MVC (PF), during the initial cocontraction (CC1) and in the cocontraction 
trial after 50 minutes of practice (CC2).  There was no significant variation for either middle-
aged or old subjects.  *P<0.05, ***P<0.001. 
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D1 Inhibition 
The amplitude of the D1-conditioned H reflex, when expressed as a percentage of the test H-
reflex, can be used as an index of Ia presynaptic inhibition.  The amount of D1 inhibition 
differed across conditions for young subjects (repeated-measures ANOVA, P<0.001).  Post hoc 
tests showed that the amount of D1 inhibition was greater (lower amplitude) during rest (48.1 ± 
15.7%) than during 10% MVC plantarflexion (64.9 ± 7.8%, P<0.01), and the cocontraction trials 
before (68.2 ± 11.3%, P<0.01) and after practice (84.8 ± 9.7%, P<0.001).  The amount of D1 
inhibition was significantly less during the cocontraction trials after practice than 10% MVC 
plantarflexion (P<0.01) and the cocontraction trials before practice (P<0.01).  The variation in 
D1 inhibition across conditions was not significant for either middle-aged (P=0.157) or old 
subjects (P=0.104). 
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Figure 22.  Amplitude of D1 conditioned reflex across conditions in the three age groups.  In 
young subjects, there was significant variation across the different phases of the task; at rest, 
during plantarflexion at 10% MVC (PF), during the initial cocontraction (CC1) and in the 
cocontraction following 50 minutes of practice (CC2).  There was no significant variation for 
either middle-aged or old subjects.  **P<0.05, ***P<0.001. 
 
One-way ANOVAs were used to compare age group means during each task.  There 
were significant differences between groups in the amount of D1 inhibition between groups at 
rest (P<0.001).  Post-hoc tests showed that the conditioned reflex in young (48.4 ± 15.7) was 
significantly more depressed than middle-aged (79.3 ± 14.5%, P<0.001) and old groups (86.6 ± 
6.3%, P<0.001), whereas there were no differences between middle-aged and old groups.  
Significant differences were also found between groups during plantarflexion at 10% MVC 
(P<0.001); conditioned reflexes were significantly more depressed in young (64.8 ± 7.8%) than 
middle-aged (85.4 ± 8.3%, P<0.001) and old adults (95.1 ± 10.2%, P<0.001), whereas there were 
no differences between middle-aged and old groups (P>0.05).   
There were also significant differences (P<0.001) among groups prior to practicing the 
cocontraction task.  Post-hoc tests showed that conditioned reflexes for young subjects (68.4 ± 
11.3%) were significantly more depressed than middle-aged (89.7 ± 5.8, P<0.001) and old 
subjects (97.2 ± 10.8%, P<0.05), and that there were no significant differences between middle-
aged and old groups.  Significant differences were also found between groups after practicing the 
cocontraction task (P=0.032).  Post-hoc tests showed that conditioned reflexes in young (84.8 ± 
9.7%) were significantly more depressed than in old adults (97.4 ± 14.1%, P<0.05) and that there 
were no significant differences between middle-aged (85.1 ± 9.1%) and either young or old 
subjects. 
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Figure 23.  Comparison of D1 conditioned reflex amplitude between groups across conditions. 
There was significant depression in young compared with middle-aged and old adults at rest, 
during plantarflexion at 10% MVC, during the initial cocontraction (cocontraction 1), but only 
compared with old during the cocontraction after practice (cocontraction 2). *P<0.05, **P<0.01, 
***P<0.001. 
 
Steadiness during cocontraction trials 
Coefficient of variation for force was used as an index of steadiness and measured during 
cocontraction trials before and after 50 min of cocontraction practice.  There were no differences 
in steadiness between young (4.97 ± 1.5%), middle-aged (5.30 ± 1.8%) and old (5.52 ± 0.9%) 
during the initial cocontraction trial (one-way ANOVA, P=0.713).  After the practice trials, two-
tailed paired-sample t-tests showed that young subjects improved steadiness by ~19% (3.99 ± 
1.4%, P=0.005), there was no significant change (~8%) for the middle-aged group (5.90 ± 1.9%, 
P=0.279), and the old group reduced steadiness by ~15% (6.55 ± 1.0%, P=0.020). 
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Figure 24.  Change in steadiness during a cocontraction task among groups following 50 minutes 
of practice.  Young improved by ~19%, there was no change in middle-aged subjects, and old 
subjects become ~ 15% less steady compared with their initial value.  *P<0.05, **P<0.01. 
 
When the coefficient of variation for force from the 15-s windows was averaged across 
the 3 min cocontraction trials, there were no significant changes in steadiness within groups 
following cocontraction practice.  The coefficients of variation for force before and after practice 
were 4.84 ± 2.6% and 4.68 ± 2.3 % for the young subjects (P=0.649), 6.45 ± 4.2% and 7.23 ± 3.5 
for the middle-aged subjects (P=0.501), and 5.51 ± 3.1 and 5.89 ± 3.1 for the old subjects 
(P=0.643).  Although none of the changes in steadiness were significant, the trends were similar 
to those during the first minute. 
 Normalized EMG values for each age group were not significantly different during 
cocontraction after 50 minutes of practice than before practice (Table 1).  EMG amplitude for 
soleus, medial gastrocnemius, and soleus was significantly greater for the young subjects than 
the old group during the cocontraction trials before practice.  EMG amplitude for tibialis anterior 
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and medial gastrocnemius, but not soleus, was greater during the cocontraction trials for the 
middle-aged group than the young group.   
 
Table 1.  Normalized EMG values for the three age groups for the initial cocontraction trial 
(before) and the coccontraction trial following practice (after).  *P<0.05. 
 
Ratings of perceived exertion 
A one-way ANOVA indicated significant differences between age group means (P=0.020) in 
RPE scores reported during the initial cocontraction trials.  Post-hoc Tukey-Kramer tests showed 
that scores reported by the old group (2.7 ± 0.8) were significantly less than those reported by the 
young group (4.3 ± 1.2, P<0.05).  The scores reported by the middle-aged group (3.1 ± 1.6) were 
not significantly different than either the young (P>0.05) or middle-aged groups (P>0.05).   
 Two-tailed paired samples t-tests showed that the scores reported by young subjects in 
the cocontraction trials after practice were significantly less (2.6 ± 1.3) than those before practice 
(P=0.0002).  Conversely, both the middle-aged (4.2 ± 1.0, P=0.002) and old groups (4.8 ± 1.16, 
P<0.001) reported significantly higher scores after practice. 
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Discussion 
The main finding in the present study is that young people were able to improve steadiness 
during a cocontraction task after 50 min of practice, whereas there was no change for the middle-
aged adults and old adults became less steady.  The improvement in steadiness by young adults 
was accompanied by a significant reduction in the amount of Ia presynaptic inhibition as indexed 
by D1 inhibition.  Conversely, neither of the other two groups exhibited any change in Ia 
presynaptic inhibition after practicing the cocontraction task. 
Changes in Steadiness 
There were no differences in the coefficient of variation for force between groups during the 
cocontraction trials before the practice trials.  Despite the absolute target force being least for the 
old adults, their EMG amplitudes for soleus, medial gastrocnemius, and tibialis anterior were 
greater than those for young adults during the initial cocontraction trials.  Furthermore, there was 
no statistically significant difference in the target force for young and middle-aged adults, yet the 
middle-aged subjects used greater EMG amplitudes for medial gastrocnemius and tibialis 
anterior than young adults during the initial cocontraction trials.   
 The changes in steadiness after the 50 min of practicing the cocontraction task differed 
among the three groups (Figure 24), yet there were no changes in the normalized EMG 
amplitudes for soleus, medial gastrocnemius, or tibialis anterior (Table 1).  Nonetheless, there 
were significant differences among the three groups in other adjustments that occurred during the 
experiment.  Young subjects, for example, did not experience any change in MVC force after the 
cocontraction practice trials and reported a decrease in RPE during the cocontraction task, which 
suggests that the task became easier for them.  Conversely, the middle-aged and old groups 
experienced significant reductions in MVC force (Figure 19) and reported higher RPE scores 
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after cocontraction practice, indicating that the task became more difficult for them after the 50 
min of practice.  The decrease in MVC force after the practice trials was greater for the old 
adults than the middle-aged adults, but the increase in RPE was similar for the two groups.  The 
fatigue-related adjustments (decline in MVC force, increase in RPE) exhibited by the middle-
aged and old adults were associated with greater EMG amplitudes during the cocontraction task 
and an inability to modulate this activity with 50 min of practice.  
Reflex Modulation 
Perez et al. (2007) reported an increase in steadiness in young subjects following an 
identical practice protocol; the current study indicates similar findings.  The increase in 
steadiness was accompanied by a decrease in the peak-to-peak amplitude of the H reflex 
following practice, which was attributed to an increase in Ia presynaptic inhibition.  In the 
present study, however, Ia presynaptic inhibition was assessed with the D1 inhibition method, 
which tests the excitability of the PAD network by stimulating Ia afferents arising from the 
antagonist muscle prior to applying the test stimulus to the nerve supplying the test muscle 
(Mizuno et al.,1971).  The D1 technique is presumed to provide a more valid index of Ia 
presynaptic inhibition as it measures the excitability of the PAD interneurons.   
In the current study, Ia presynaptic inhibition during the cocontraction task decreased 
after the practice trials, which may seem contrary to the findings of Perez et al. (2007).  The 
apparent difference in results, however, is related to the approach used to elicit the test responses.  
The approach in the current study was to keep the amplitude of the test H reflex constant across 
conditions, which meant that the stimulus intensity was not constant; changes in stimulus 
intensity are manifest as variation in the peak-to-peak amplitude of the M-wave that precedes the 
H reflex (Figure 21).  Because the sensitivity of the monosynaptic reflex to excitatory and 
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inhibitory inputs depends on the amplitude of the test H reflex (Crone and Nielsen, 1989), the 
approach in the current study was to keep this constant across conditions.  If the stimulus 
intensity had not been adjusted between the before and after cocontraction trials, the amplitude 
of the H reflex would have been reduced after cocontraction practice, as observed by Perez et al. 
(2007).  The depression in H-reflex amplitude reported by Perez et al. (2007), therefore, was 
likely attributable to factors other than Ia presynaptic inhibition, as they discussed.  The other 
factors could include a change in the recruitment gain of the motor neuron pool (Kernell and 
Hultborn, 1990), Ib inhibition (Marchand-Pauvert et al., 2002), or recurrent inhibition (Nielsen 
and Deseilligny, 1996).   
 To assess the potential contribution of other adjustments to the improvement in 
steadiness, Perez et al. (2007) elicited motor evoked potentials (MEPS) with transcranial 
magnetic stimulation (TMS), measured TMS-elicited suppression of EMG activity, and 
calculated the coherence between electroencephalographic and EMG activities.  Together, these 
measures provide an index of the relative excitability of cortical motor neurons (Gandevia et al., 
1996).  They found that 30 min of cocontraction practice reduced MEP amplitude in soleus and 
increased both TMS-elicited suppression and coherence of soleus EMG, which suggested that 
the adjustments associated with the cocontraction practice included a decrease in the excitability 
of corticospinal neurons.  If the decrease in H-reflex amplitude after the cocontraction practice 
denotes an increase in Ia presynaptic inhibition (Perez et al., 2007), it is difficult to explain how 
the subjects exhibited similar EMG amplitudes before and after practice during the cocontraction 
trials.  One likely explanation, as suggested by the results of the current study, is that Ia 
presynaptic inhibition actually decreased after practice, which would have provided a source of 
excitatory inputs to the spinal motor neurons to achieve the requisite levels of muscle activation.  
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Such an interpretation suggests that young subjects depressed Ia afferent feedback less after 
practice.   
Previous work has shown that old adults are less able to modulate afferent feedback than 
younger adults (Darling et al., 1987; Earles et al., 2001).  For example, Baudry et al. (2010) 
found that younger adults modulated afferent feedback to distinguish between force and position 
control, whereas old adults changed the amount of agonist-antagonist coactivation.  Their 
conclusion was that old adults were more reliant on feedforward commands and less reliant on 
afferent feedback.  Results from the current study are consistent with this hypothesis in that old 
adults used greater amounts of muscle activity in soleus, medial gastrocnemius, and tibialis 
anterior than young adults during the cocontraction trials before practice (Table 1).  Furthermore, 
the opportunity to improve steadiness by decreasing Ia presynaptic inhibition was likely 
compromised by the fatigue experienced by middle-aged and old groups as Ia presynaptic 
inhibition often increases during fatiguing contractions (Duchateau and Hainaut, 1993) due to 
activation of group III and IV afferents in response to build up of metabolites (Peterossi et al., 
1999). 
Much less data are available on the capacity of middle-aged adults to modulate afferent 
input across conditions.  In the present study, plantarflexor MVC force did not differ between 
young and middle-aged subjects, whereas middle-aged subjects were significantly stronger than 
old subjects (Figure 19).  Moreover, neither the middle-aged or old subjects changed either the 
size of the test H reflex or the amount of Ia presynaptic inhibition between rest, plantarflexion, 
and cocontraction tasks before or after practice (Figures 21 and 23).  The Hmax/Mmax ratios during 
the recruitment curve for the middle-aged subjects were significantly less than for young 
subjects, whereas old subjects were significantly less than both middle-aged and young subjects 
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(Figure 20).  Hmax/Mmax ratios decline with age and indicate that a smaller proportion of the 
motor pool is activated in response to a given stimulus, which suggests a decrease in the capacity 
to make corrective actions (Scaglioni et al., 2002).  The age-related decline in Hmax/Mmax ratios is 
likely due to a degenerative process, as old adults are unable to increase the ratio after training 
(Scaglioni et al., 2002).  Taken together, these findings indicate that the plantarflexor muscles of 
middle-aged subjects were as strong as those of young subjects, but the capacity to modulate 
afferent feedback with practice of the cocontraction task was similar to old subjects.  The decline 
in the capacity of the CNS to modulate afferent input, therefore, precedes the age-associated 
sarcopenia.  
The findings of the current study suggests that the decline in neural function may precede 
the age-associated loss of muscle mass and strength often referred to as sarcopenia.  If this is 
indeed the case, it has wide ranging implications for the design of interventions that aim to 
reduce age associated declines in muscle strength and mass.  Typically these interventions are 
aimed at old individuals in whom sarcopenia has already commenced.  However, the data from 
the present study suggest that an alternative preventative approach may be to develop 
interventions that offset the declines in fine motor skills during middle age, so that the onset of 
decline in muscle mass and strength may also be delayed.  
Limitations 
There are several limitations in the current study that should be acknowledged.  First, the 
exclusive use of D1 inhibition to estimate the level of Ia presynaptic inhibition is not ideal.  
When the PAD network becomes saturated with multiple inputs, for example, responsiveness to 
the D1 conditioning stimulus declines, which is referred to as occlusion (Pierrot Deseilligny, 
1997).  Furthermore, the D1-inhibition approach can be compromised by changes in the gain of 
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the reflex (Kernell and Hultborn, 1990) and post-activation depression of the H-reflex (Crone 
and Nielsen, 1989).  To circumvent these limitations, it is more appropriate to use multiple 
measures of Ia presynaptic inhibition, such as heteronymous Ia facilitation.  This was not 
possible in the current study, however, as pilot work showed that the quadriceps muscles (vastus 
lateralis and medialis) became increasingly active during the cocontraction practice trials and 
compromised the use of the approach during the cocontraction task after the practice trials.  In 
studies that use both D1 inhibition and heteronymous facilitation as independent measures of Ia 
presynaptic inhibition, any divergent changes in presynaptic inhibition are often explained by 
occlusion of the PAD network (Faist et al., 1996; Aymard et al. 2000; Hultborn et al., 1987).   
Because the relative target forces in the current study were low, it was assumed that the 
protocol would elicit minimal amounts of fatigue.  This assumption appears to have been 
appropriate for the young subjects, but not for the middle-aged and old adults.  
Summary 
This study compared the changes in steadiness and the modulation of presynaptic inhibition of 
soleus Ia afferents in young, middle-aged, and old adults before and after a single session of 
practicing a cocontraction task.  There were no differences in steadiness between groups during 
an initial cocontraction trial.  The main finding of the study was that young people were able to 
improve steadiness by ~19% during a cocontraction task after 50 min of practice, whereas there 
was no change for the middle-aged adults and old adults became less steady by ~15%.  The 
improvement in steadiness by young adults was accompanied by a significant reduction in the 
amount of Ia presynaptic inhibition as indexed by D1 inhibition.  Conversely, neither of the other 
two groups exhibited any change in Ia presynaptic inhibition after practicing the cocontraction 
task.  As there were was a difference in strength between young and middle-aged subjects, the 
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findings of the current study suggest that the decline in neural function may precede the age-
associated loss of muscle mass and strength often referred to as sarcopenia. 
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Chapter V 
 
 
Influence of antagonist fatigue on agonist Ia presynaptic inhibition and steadiness during a 
cocontraction task in young and old subjects. 
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Abstract 
The current study compared the ability of young and old adults to perform a steady submaximal 
contraction that required the deliberate concurrent activation (cocontraction) of agonist and 
antagonist muscles.  The performance of young and old adults was compared before and after the 
force capacity of the antagonist muscle (tibialis anterior) was compromised by a sustained 
fatiguing contraction.  Before fatigue, younger adults were steadier than old adults during 
cocontraction (P=0.036).  Following fatigue, there were no differences in steadiness in either the 
young (P=0.355) or old group (P=0.576).  Although neither group of subjects experienced a 
significant change in steadiness after the fatiguing contraction, there were significant differences 
between the two groups of subjects in the strategies used to accommodate the decline in the force 
capacity of the antagonist muscle.  Both young (P<0.001) and old (P=0.015) increased the 
amount of tibialis anterior activity following fatigue, mainly due to a decline in the force 
capacity of the muscle.  There were no changes in either soleus or medial gastrocnemius EMG 
activity during cocontraction after fatigue for either group (P>0.05).  In young there was a 
significant increase in presynaptic inhibition of soleus Ia afferents after the fatiguing contraction, 
as indexed using D1 inhibition (P=0.013), but there was no change in old adults (P=0.064).  
These data are consistent with the hypothesis that old adults are less reliant on afferent input 
during voluntary actions, presumably due to an age-associated decline in the function of the 
interneurons that modulate afferent feedback. 
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Introduction 
Previous studies have shown that old adults coactivate agonist, antagonist and accessory muscles 
more than young subjects during voluntary movement (Hortobágyi and DeVita, 1999; Peterson 
and Martin, 2010; Reeves et al., 2009).  It has been suggested in earlier chapters of this 
dissertation and elsewhere (Hortobágyi and DeVita, 2006; Baudry et al., 2010) that old adults 
rely less on afferent input and become increasingly reliant on descending drive, which manifests 
as increased coactivation of agonist and antagonist muscles, during voluntary actions.  For 
example, Baudry et al. (2010) showed that the steadiness with which an individual can maintain 
the position of the hand while supporting a simulated mass (position control) or a target force 
produced against a rigid restraint (force control) with the wrist extensor muscles is less for old 
adults compared with young adults.  Whereas the young adults used less presynaptic inhibition 
of Ia afferents during position control to achieve the same level of steadiness as during force 
control, the old adults used greater amounts of antagonist coactivation to maintain steadiness 
during position control and did not modulate Ia presynaptic inhibition across the two load 
conditions.   
Furthermore, the results contained in chapter 4 of this dissertation indicate that old adults 
were not able to improve performance during a cocontraction task.  Conversely, young subjects 
were able to improve steadiness by reducing Ia presynaptic inhibition and hence become more 
reliant on afferent feedback and depend less on descending commands, which is in consistent 
with the findings of Perez et al. (2007).  Given a reduced capacity to modulate afferent feedback, 
it is not clear how old individuals would, or indeed could, compensate if the force capacity of the 
antagonist muscle became compromised, such as might occur during a fatiguing contraction 
(Enoka, 2012).  
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The purpose of the study was to further probe whether old adults retain the capacity to 
modulate afferent feedback during voluntary actions.  Therefore the primary aim was to 
determine whether old adults are able to use an afferent-feedback strategy during a steady 
cocontraction task when the force capacity of the antagonist muscle is depressed by a sustained 
voluntary contraction to task failure.  A secondary aim was to investigate the influence of fatigue 
in an antagonist muscle on the spinal adjustments made in the agonist muscle. 
 
Methods 
Ten young (23.1 ± 2.0 yrs, 3 women) and 9 old adults (78.2 ± 6.3 yrs, 4 women) volunteered to 
participate in the study after informed consent was obtained.  The study conformed to the 
declaration of Helsinki and was approved by the institutional review board at the University of 
Colorado Boulder.  
Experimental setup 
Subjects were comfortably seated and reclined in a custom built plantarflexion ergometer with 
hip, knee and ankle joints set to 120, 160 and 110°, respectively.  The foot was securely attached 
to a pedal connected to a tri-axial strain-gauge force transducer (JR-3, Woodland, CA).   
Electromyographic recordings 
Electromyographic (EMG) signals were recorded from soleus, medial gastrocnemius and tibialis 
anterior with surface electrodes (silver-silver chloride electrodes, 8-mm diameter, Coulbourn 
Instruments, Allentown, PA) attached to the right leg and placed according to SENIAM 
recommendations (Hermens et al., 1999).  EMG signals were amplified (500–5000x) and band-
pass filtered (13–1000 Hz) prior to sampling at 2 kHz (Coulbourn Instruments, Allentown, PA) 
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and storage on a computer.  EMG data were normalized to values obtained during maximal 
voluntary contractions. 
Maximal voluntary contractions 
Maximal voluntary contractions (MVCs) with the plantarflexors involved subjects gradually 
increasing force from zero to maximum over 3 s and maintaining this force for ~3 s.  Subjects 
were instructed to ensure that they were plantarflexing about the ankle rather than extending the 
knee.  At least 2 trials were performed with ≥90 s of rest between successive trials.  Once two 
peak forces within 5% were obtained, the greater value was taken as maximum and used as a 
reference for submaximal contractions.  This process was then repeated for the dorsiflexors. 
Test H reflexes and conditioned H reflexes 
Responses were elicited in the target nerve of the right leg by electrical stimulation (Grass S88K, 
Astra-Med; 1-ms rectangular pulse) via a constant current unit (Model SIU8T, Astra-Med) that 
was connected to adhesive surface electrodes (Conmed, Utica).  The intensity for the 
conditioning stimuli was expressed relative to motor threshold (MT), defined as the lowest 
stimulus to evoke a discernable twitch in the muscle, as indexed by palpation of the tibialis 
anterior tendon and presence of an M-wave in the tibialis anterior EMG trace.   
The stimulus was applied to the tibial nerve via a cathode placed in the popliteal fossa 
and an anode located just above the patella.  The recruitment curves for the Hoffmann (H) reflex 
and M wave in the soleus muscle were recorded and the intensity of the stimulus was adjusted 
throughout the experiment to keep the amplitude of the test H reflex constant.  Care was taken to 
ensure that the test H reflex was on the ascending limb of the H reflex recruitment curve and the 
initial value kept between 10-20% of Mmax.  
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 The test H reflex was conditioned by an electrical stimulus applied to the common 
peroneal nerve (D1 inhibition) to activate the primary afferent depolarization (PAD) interneurons 
converging on the Ia afferents from the soleus.  The delay between the stimuli delivered to the 
common peroneal (conditioning stimulus) and tibial (test stimulus) nerves was set at ~20 ms, 
with the precise delay optimized for each subject (Hultborn et al., 1989; Mizuno et al., 1971).  
The intensity of the conditioning stimulus was set at 1.3 x MT.   
 Test and conditioned reflexes were obtained in blocks of 10 responses.  As the stimulus 
intensity was adjusted across conditions to ensure the consistent amplitude of the test reflex, the 
first block of 10 reflexes was always test H reflexes.  The second block of 10 test H reflexes and 
two blocks of conditioned H reflexes were delivered in a counterbalanced order.  Twenty test and 
20 conditioned reflexes were obtained across four conditions: rest, plantarflexion at 10% MVC, 
and during the cocontraction trials before and after the fatiguing contraction. 
Cocontraction trials 
As described in chapter 4, the cocontraction trials required subjects to maintain a plantarflexion 
force of 10% MVC for several seconds and then to reduce the force to zero without reducing 
soleus EMG amplitude.  This was accomplished by cocontracting tibialis anterior so that soleus 
and tibialis anterior produced equal and opposite torques.  Subjects received visual feedback of 
force during the cocontraction trials of the force exerted by the foot and the rectified and 
integrated (time constant 120 ms) soleus EMG activity, as well as verbal feedback of soleus 
EMG activity.  Subjects were instructed to maintain a net zero force without reducing soleus 
EMG from the level of activity observed during the initial task of achieving a plantarflexion 
force of 10% MVC.  Subjects did not receive visual or verbal feedback of tibialis anterior EMG 
levels.  
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Fatiguing contractions 
As indicated in figure 25, a submaximal fatiguing contraction at 25% MVC force with the 
dorsiflexors was interposed between cocontraction trials to induce fatigue in the dorsiflexors.  
This required subjects to contract the dorsiflexors and, via visual feedback of dorsiflexion force, 
match a target line set at 25% MVC force.  Subjects were asked to rate their perceived exertion 
(RPE) on a scale of 1-10 each minute during the fatigue task.  The gain of the visual feedback 
was controlled across subjects and was set at 3%MVC.cm-1.  Task failure was defined as the 
point at which the force exerted by the subject deviated ≥ 3% MVC away from the target line 
and the subject was unable to recover despite strong verbal encouragement.  A dorsiflexion 
MVC was performed immediately after task failure. 
Experimental procedure 
Recording electrodes were attached over soleus, medial gastrocnemius and tibialis anterior and 
stimulating locations identified over the tibial and peroneal nerves.  Subjects were instructed to 
perform plantarflexion and dorsiflexion MVCs.  H and M recruitment curves were then 
determined for each subject and the conditioning stimulus was set, once a suitable test H reflex 
had been identified.  Twenty test and 20 conditioned H reflexes were then evoked at rest 
followed by 20 test and 20 conditioned H reflexes as subjects performed a cocontraction trial.  
Subjects then performed a submaximal fatiguing contraction to failure with the dorsiflexors, 
followed by a dorsiflexion MVC.  After the fatiguing contraction, subjects repeated the 
cocontraction trials, in a counterbalanced order with the 20 test and 20 conditioned reflexes.  
Plantarflexion and dorsiflexion MVCs were then repeated. 
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Figure 25.  Schematic to show experimental setup, with the experimental protocol indicated at 
the bottom of the figure.  PF and DF denote plantarflexion and dorsiflexion respectively, TA 
indicates tibialis anterior. 
 
Data analysis 
H reflexes were characterized by the peak-to-peak amplitudes of the evoked responses. 
Steadiness during the cocontraction trials was calculated as the coefficient of variation for force 
measured in the 2 s preceding a reflex response and then averaged over the 40 reflex responses 
(20 test and 20 conditioned responses) during the cocontraction trial.  Surface EMG recordings 
were normalized to values obtained during MVCs and EMG amplitude during the cocontraction 
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trials were obtained during the same 2-s window used to measure steadiness and also averaged 
over the 40 reflex responses during the cocontraction trials. 
Statistical approach 
After confirming the normality of the data with the Kolmogorov-Smirnov test, differences 
between groups were identified using 2-way independent t-tests.  Variation within groups across 
conditions was identified using repeated-measures ANOVAs.  Increases in EMG and RPE 
during the fatiguing contractions were investigated using 2-way ANOVAs for age and time.  
When significant differences were found, post-hoc tests comprising independent t-tests with 
Bonferroni corrections were performed to identify the differences between groups.  The level of 
statistical significance was set at P≤0.05 for all comparisons.  Values are expressed by mean ± 
SD in the text and mean ± SEM in the figures. 
 
Results 
The plantarflexors (agonist) of the young subjects (183 ± 49.4 N) were significantly stronger 
than those of old subjects (102 ± 34.3 N; P<0.001).  There were no significant changes in 
plantarflexor MVC force for young (P=0.858) or old (P=0.284) subjects at the end of the 
protocol (Fig. 26). 
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Figure 26.  Maximal voluntary contraction force for the plantarflexors of young and old subjects 
at the beginning (1) and the end (2) of the protocol, ** P<0.01 with old subjects. 
 
The dorsiflexor (antagonist) MVC force for the young subjects (168 ± 46.03 N) was also 
significantly stronger than that for the old subjects (127 ± 32.9 N; P=0.040).  Repeated-measures 
ANOVAs indicated that the dorsiflexor MVC force was significantly different before and after 
the fatiguing contraction for both the young (P<0.001) and old (P<0.001) subjects (Fig. 27).  
Post-hoc Tukey-Kramer tests showed that dorsiflexor MVC force was significantly depressed 
after the fatiguing contraction compared with the initial value by ~30% for the young subjects 
(P<0.001) and by ~28% for the old subjects (P<0.001).  After the last set of the cocontraction 
trials, dorsiflexor MVC force remained depressed for both the young (131 ± 37.7 N. P<0.01) and 
old (105 ± 29.3; P<0.05) subjects relative to the initial MVC force and was not significantly 
different to MVC force immediately after task failure. 
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Figure 27.  Maximal voluntary contraction force for the dorsiflexors of young and old subjects at 
the beginning (1), after the fatiguing contraction (2) and at the end of the protocol (3), * P<0.05, 
**P<0.01, ***P<0.001. 
 
Baseline reflexes 
H and M recruitment curves were obtained for all subjects.  Peak-to-peak amplitude for Mmax 
was significantly greater (P<0.001) for young subjects (8.34 ± 2.1 V) than for old subjects (4.36 
± 2.0 V).  Unpaired two-tailed t-tests indicated that the Hmax/Mmax ratio for young subjects (0.475 
± 0.06) was significantly greater than that for old subjects (0.229 ± 0.11, P<0.001). 
 Test H reflexes were 11.7 ± 3.4% Mmax for young and 12.8 ± 4.1% Mmax for old subjects.  
At rest the amount of D1 inhibition for the H reflex elicited in soleus was significantly greater in 
young subjects (58.6 ± 6.7 % test reflex) than old subjects (85.7 ± 16.7 % test reflex; P<0.001). 
Fatigue 
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Endurance time for the fatiguing contraction was 633 ± 206 s for the young subjects and 637 ± 
286 s for the old subjects, and did not differ between groups (P=0.974).  There were no 
significant main effects for age, but significant main effect was found for time (P<0.001) in RPE, 
there was no significant interaction between age and time (P=0.687). 
 There were significant increases in tibialis anterior EMG amplitude during the fatiguing 
contraction for both groups (Fig. 28).  A two-way ANOVA indicated significant main effects for 
age (P<0.001) and time (P<0.001), but no significant interaction.  The lack of an interaction, 
despite main effects for age and time, indicates that young and old increased EMG in a similarly 
during the fatiguing contraction.   
 
 
 
 
Figure 28.  Average EMG amplitude (aEMG) values for tibialis anterior during the fatiguing 
contraction for young and old subjects expressed relative to endurance time.  A two-way 
ANOVA indicated significant main effects for age (P<0.001) and time (P<0.001), but no 
significant interaction. 
 
 
Cocontraction tasks 
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The instruction given to subjects during the cocontraction trials was to keep the force as close to 
the zero line as possible without reducing EMG amplitude for soleus.  Young adults (3.49 ± 
1.9%) were steadier than old adults during the initial cocontraction trial (5.59 ± 2.0%; P=0.036).  
Although steadiness appeared to decline after the fatiguing contraction, the decrease in 
steadiness was not statistically significant for either subject group (young, 4.26 ± 2.2%: P=0.355: 
old, 6.2 ± 3.6%; P=0.576).   
Soleus EMG amplitude during the cocontraction trial that preceded the fatiguing 
contraction was significantly greater in old subjects than young (P<0.001).  After the fatiguing 
contraction, there were no differences in soleus EMG amplitude for either the young (P=0.132) 
or old groups (P=0.121) compared with the initial cocontraction trial (Fig. 29).  Consequently, 
soleus EMG amplitude remained greater for the old subjects than that for the young subjects 
(P<0.001) during the cocontraction trial performed after the fatiguing contraction.   
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Figure 29.  Average EMG amplitude (aEMG) values for soleus (SOL), tibialis anterior (TA) and 
medial gastrocnemius (MG) during cocontraction trials before and after performing a fatiguing 
contraction with the dorsiflexors in old and young subjects.  P< 0.05, **P<0.01, ***P<0.001.  
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Tibialis anterior EMG amplitude was significantly higher in old adults than young 
(P=0.039) during the initial cocontraction trial.  After the fatiguing contraction, there were 
significant increases in tibialis anterior EMG amplitude for both young (P<0.001) and old 
(P=0.015) subjects during the final cocontraction trial (Fig. 29).  Despite the increases in tibialis 
anterior activity in both groups following the fatiguing contraction, tibialis anterior EMG values 
were not significantly different between groups (P=0.099). 
Medial gastrocnemius EMG amplitude was significantly higher in old adults than young 
(P=0.017) during the initial cocontraction trial.  After the fatiguing contraction, there were no 
significant changes in medial gastrocnemius EMG amplitude for either young (P=0.165) or old 
(P=0.848) subjects during the final cocontraction trial (Fig.29), and the two groups were not 
significantly different. 
The D1 conditioned H reflex was significantly depressed (P<0.001) in young (77.43 ± 7.2 
% test reflex) compared with old subjects  (93.01 ± 9.3 % test reflex) during the initial 
cocontraction trial (Fig. 30).  Repeated-measures ANOVAs showed significant modulation of the 
amplitude of the conditioned reflex across conditions in young subjects (P<0.001).  Post-hoc 
Tukey-Kramer tests indicated that there were significant changes in the amplitude of the 
conditioned reflex between all conditions in young subjects (Fig. 30).  Conversely, there was no 
significant modulation of the amplitude of the conditioned H reflex in old subjects (P=0.064).  
Repeated-measures ANOVAs also indicated no significant change in the amplitude of the test H 
reflex in either the young (P=0.867) or old groups (P=0.476).   
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Figure 30.  Amplitude of the conditioned (D1 inhibition) H reflexes in soleus for young and old 
subjects at rest (1) and during cocontraction trials performed before (2) and after (3) a fatiguing 
contraction with the dorsiflexors, * P<0.05, **P<0.01, ***P<0.001. 
 
Discussion 
The current study compared the ability of young and old adults to perform a steady submaximal 
contraction that required the deliberate concurrent activation (cocontraction) of agonist and 
antagonist muscles.  The performance of the two groups of subjects was compared before and 
after the force capacity of the antagonist muscle (dorsiflexors) was compromised by a sustained 
fatiguing contraction.  The old adults were less steady than the young adults during the 
cocontraction task, both before and after the fatiguing contraction.  Although neither group of 
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subjects experienced a significant change in steadiness after the fatiguing contraction, there were 
significant differences between the two groups of subjects in the strategies used to accommodate 
the decline in the force capacity of the antagonist muscle.  Although both groups of subjects 
increased antagonist muscle EMG amplitude during the cocontraction task after the fatiguing 
contraction, it was only the young subjects who changed the amount of presynaptic inhibition of 
Ia afferents arising from an agonist muscle during the steady contraction.   
‘Antagonist’ coactivation and reflex modulation 
After the fatiguing contraction with the dorsiflexor muscles, there were no changes for either 
group of subjects in soleus EMG amplitude during the cocontraction task.  In contrast, both 
groups of subjects significantly increased tibialis anterior EMG amplitude during the 
cocontraction trial performed after the fatiguing contraction.  Because the task was to reduce the 
net force exerted by the foot to zero while maintaining a constant soleus EMG amplitude, the 
increase in EMG amplitude for the antagonist (tibialis anterior) was presumably necessary due to 
recruiting additional motor units due to a decrease in force capacity during the fatiguing 
contraction.  
 The increase in tibialis EMG activity in young subjects during the cocontraction trial 
performed after the fatiguing contraction was accompanied by an increase in Ia presynaptic 
inhibition in soleus. However, the increase in presynaptic inhibition reported in the current study 
appears to have little functional bearing on the performance of the task, as there was no 
significant change in steadiness in either age group.  Nonetheless, studies have shown that when 
an agonist muscle is fatigued, there is an increase in presynaptic inhibition (Klass et al., 2008), 
which has been attributed to increases in the activation of group III and IV afferents (Duchateau 
and Hainaut, 1993; Pettorossi et al., 1999).  Likewise, an increase in Ia presynaptic inhibition in 
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an antagonist muscle as a consequence of a fatiguing contraction has been shown in previous 
studies (Lévénez et al., 2008).  One explanation for this concurrent modulation of Ia presynaptic 
inhibition is that group III and IV afferents from an antagonist project to the PAD interneuron 
network of the agonist muscle following fatigue of the antagonist.  A more reasonable 
explanation, however, is that changes in Ia presynaptic inhibition in the agonist and antagonist 
are predominantly mediated by descending pathways (Rudomin and Schmidt, 1999; also see 
Figure 1, chapter 1).  The significance of the increase in the agonist is unclear, but it is 
presumably to prevent corrective actions being made.  The lack of reflex modulation in old 
subjects is consistent with other projects contained within this dissertation as well as other work 
(Baudry et al., 2010; Hortobágyi and DeVita, 2006) that postulate old adults do not modulate 
afferent input and instead opt for a strategy of greater muscle activation.  The results from the 
current study are further evidence that old adults coactivate their muscle to a greater degree than 
younger adults, due to a decline in the function of inhibitory spinal interneurons. 
Despite the changes in modulation of afferent input in young subjects and the lack of 
change in reflex modulation in old subjects following a fatiguing contraction, and significant 
increases in tibialis anterior EMG in both age groups, there were no significant changes in 
steadiness during the cocontraction task following antagonist fatigue in either group.  This is in 
line with previous findings (Burnett et al., 2000).  Although there were trends towards steadiness 
declining in both groups, these changes were not significant. 
Limitations 
Broadly speaking, the limitations associated with the current study are similar to those outlined 
in the previous chapter.  Further to the points raised in chapter 4, it is important to recognize the 
limitations associated with using cocontraction.  While this approach provides a unique 
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opportunity to control for muscle activation, it does not allow the interaction between 
coactivation and reflex modulation to be explored.  Nonetheless, this study, in concert with 
chapter 4, clearly highlights the reduced capacity of old adults to modulate afferent input and this 
is likely a contributing factor to increased levels of coactivation observed in old adults.   
Chapters 3 and 4, as well as other work (Baudry et al., 2010), indicate that the function of 
interneurons mediating Ia presynaptic inhibition decline with age and that when the opportunity 
to improve performance on a task by making acute changes to the levels of presynaptic 
inhibition, old adults are unable to augment the levels of presynaptic inhibition.  Further study to 
quantify the capacity of old adults to make chronic adaptations in the capacity of the nervous 
system to modulate afferent input as a result of interventions is clearly important and necessary. 
Summary 
The results of the current study show that when the antagonist muscle is fatigued, activation of 
the antagonist muscle increases during a cocontraction task in young and old subjects.  Young 
adults increased Ia presynaptic inhibition in the agonist as a consequence, whereas old adults did 
not, although the functional relevance of this increase in young subjects is unclear in the context 
of the prescribed task.  These findings are consistent with the hypothesis put forward in early 
chapters of this dissertation that old adults rely less on modulating afferent input and depend 
more on descending input to achieve task goals.  This study builds on the previous chapter, and 
taken together, these data indicate that old adults are more reliant on descending commands as 
the capacity to modulate afferent is reduced, presumably due to age-associated decline in motor 
function.  
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Chapter VI 
 
 
Summary 
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This focus of this thesis was to investigate the mechanisms underlying the greater use of 
antagonist muscle activity by old adults than young adults when performing the same 
movements.  As antagonist muscles oppose the actions of agonist muscles, heightened levels of 
antagonist coactivation are typically considered undesirable due to the increase in metabolic cost 
and the potential to compromise movement accuracy.  The greater coactivation used by elderly 
adults has been attributed to age-associated declines in the neuromotor system.  Recent evidence 
suggests that young adults tend to rely on afferent feedback to produce corrective actions when 
performing voluntary contractions, whereas old adults prefer a feedforward strategy of increasing 
antagonist coactivation to stiffen the joint.  This observation suggests that aging may be 
accompanied by a shift in the preferred control of voluntary movements from feedback to 
feedforward strategies.  This dissertation comprised four studies that tested this hypothesis.   
 The purpose of the first study was to compare the discharge characteristics of motor units 
recruited during an isometric contraction that was sustained with the elbow flexor muscles by old 
adults at target forces that were less than the recruitment threshold force of each isolated motor 
unit.  The pattern of activity as well as discharge rate and discharge variability were quantified 
and compared with data for young adults that performed similar tasks.  In contrast to motor units 
in young adults that discharged action potentials either repetitively or intermittently depending 
on the magnitude of the target-force difference, the motor units of old adults discharged action 
potentials repetitively for both target-force differences.  Additionally, mean discharge rate and 
discharge variability did not differ between target forces for old adults, whereas discharge rates 
were greater for small target-force differences and discharge variability was greater for small 
target-force differences. These results indicate that the rate modulation capabilities of the motor 
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unit pool for biceps brachii are reduced in old adults, which likely reflects a difference in the 
synaptic input received by the motor neurons in old and young adults. 
 This second study was the first to investigate the modulation of presynaptic inhibition of 
Ia afferents that project to the soleus muscle when young and old adults ascended and descended 
a step.  In the young group, three independent measures of presynaptic inhibition were 
compared.  Test Hoffmann (H) reflexes evoked in the soleus were conditioned by a stimulus 
applied to the femoral nerve to assess the ongoing presynaptic inhibition of heteronymous Ia 
afferents that synapse onto soleus motor neurons (heteronymous Ia facilitation), or to the 
common peroneal nerve to assess presynaptic inhibition of homonymous Ia afferents (D1 
inhibition) in young subjects.  Using an unpaired H reflex, while keeping preceding M-wave 
amplitude constant across conditions, the reflex amplitude was significantly depressed across 
conditions in young subjects, but not in old subjects relative to standing.  Old adults also 
activated the muscles about the ankle to a greater degree than young subjects.  These data 
indicate that, in young subjects, input delivered to the motor neurons by Ia afferents was 
depressed at a presynaptic site, presumably to minimize their contribution in the net synaptic 
input during the stepping tasks.  These findings indicate that the flow of afferent input to the 
soleus motor neuron pool during stepping is decreased in young subjects in order to prevent 
unnecessary corrections that could compromise balance.  In contrast, old adults did not modulate 
the flow of afferent input, but instead activated muscles to a greater degree in order to counteract 
potential perturbations.  Presumably the lack of modulation in H reflex amplitude in concert with 
increased muscle activity about the ankle during stepping actions is possibly a consequence of 
the decline in the capacity of spinal interneurons to modulate presynaptic inhibition in old 
subjects.   
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 The third study compared the changes in steadiness and the modulation of presynaptic 
inhibition of soleus Ia afferents in young, middle-aged, and old adults before and after a single 
session of practicing a cocontraction task.  Previous work had shown that young subjects can 
improve performance on a steady cocontraction task by changing the balance of afferent and 
descending inputs, and the third study aimed to test whether old subjects could make similar 
adjustments.  There was no difference in the maximal voluntary contraction force in 
plantarflexors between young and middle-aged subjects, however maximal voluntary contraction 
force was significantly lower for old subjects.  However, younger subjects had a greater 
Hmax/Mmax ratio than middle-aged subjects and old subjects, whereas middle-aged and old 
subjects were not significantly different from each other.  There were no differences in steadiness 
between groups during an initial cocontraction trial.  The main finding of the study was that 
young people were able to improve steadiness by ~19% during a cocontraction task after 50 min 
of practice, whereas there was no change for the middle-aged adults and old adults became less 
steady by ~15%.  The improvement in steadiness by young adults was accompanied by a 
significant reduction in the amount of Ia presynaptic inhibition as indexed by D1 inhibition.  
Conversely, neither of the other two groups exhibited any change in Ia presynaptic inhibition 
after practicing the cocontraction task.  As there were was a difference in strength between 
young and middle-aged subjects, the findings of the current study suggest that the decline in 
neural function may precede the age-associated loss of muscle mass and strength often referred 
to as sarcopenia. 
 The final study compared the ability of young and old adults to perform a steady 
submaximal contraction that required the deliberate concurrent activation (cocontraction) of 
agonist and antagonist muscles.  The performance of young and old adults was compared before 
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and after the force capacity of the antagonist muscle (tibialis anterior) was compromised by a 
sustained fatiguing contraction.  Although neither group of subjects experienced a significant 
change in steadiness after the fatiguing contraction, there were significant differences between 
the two groups of subjects in the strategies used to accommodate the decline in the force capacity 
of the antagonist muscle.  Young and old subjects increased the amount of tibialis anterior 
activity following fatigue, mainly due to a decline in the force capacity of the muscle.  There 
were no changes in either soleus or medial gastrocnemius EMG activity during cocontraction 
after fatigue for either group.  In young subjects there was a significant increase in presynaptic 
inhibition of soleus Ia afferents after the fatiguing contraction, as indexed using D1 inhibition, 
but there was no change in old adults.  These data indicate that old adults are less reliant on 
afferent input during voluntary actions, presumably due to an age-associated decline in the 
function of the interneurons that modulate afferent feedback. 
 Taken together, the results contained in this thesis indicate that old adults modulate 
afferent feedback less than young subjects and compensate by increasing muscle coactivation.  
As afferent feedback is required to make corrections, a lack of afferent input results in increased 
descending input to stiffen the joints of old people and resist perturbations.  Until now it has been 
unclear whether old subjects adopt this strategy as it is the most efficient for them to use during 
voluntary actions, or whether this strategy is necessary as a consequence of the decline in the 
function of inhibitory spinal reflex pathways.  Chapters 4 and 5 clearly show that when given the 
opportunity to improve performance by modulating afferent input, old adults did not make 
adjustments to the inflow of afferent information, indicating that the capacity to do so is 
diminished with age.  Therefore, it can be asserted that the coactivation strategy used by old 
adults is a necessary strategy that results as a consequence of a decline in the function of 
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interneurons that mediate the flow of afferent information to the motor neurons.  Intervention 
studies are clearly necessary to examine the extent to which function can be restored in these 
pathways in old individuals.  Furthermore, the decline in the function of inhibitory spinal reflex 
pathways appears to precede the age-associated declines in muscle strength and mass.  Future 
work should also seek to examine the relation between the decline in fine motor skills that occurs 
with age and the onset of declines in muscle mass and strength.   
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